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Abstract
Active Galactic Nuclei are among the best candidate sources for high-energy cosmic
rays. High-energy neutrinos are expected to be produced in these sources via interactions
of cosmic rays with matter or photon fields present in the source vicinity. The resulting
neutrino flux may exhibit time variability on the same time scales than the ones observed
in the electromagnetic radiation that is emitted from these sources with flare durations
ranging from minutes to several days depending on the photon energy.
Time variability can be taken into account in high-energy neutrino searches in order to
increase their detection probability with respect to search methods that include only energy
and spatial information. In this work, two new methods are developed to look for high-
energy neutrino flares emitted from Active Galactic Nuclei: the Multi-flare and Multi-flare
stacking method.
The Multi-flare method is designed to be sensitive not only to one bright flare emitted
from a single source, as considered in other existing search methods, but also to several
weak flares that might not be detected individually. This is achieved by developing a likeli-
hood stacking approach that analyzes the cumulative neutrino emission from several flares.
This method does not assume a-priori time coincidences with photon flares observed in
the electromagnetic spectrum, allowing uncorrelated neutrino emission with different flare
durations as considered in some emission models.
The Multi-flare stacking method is an extension of the Multi-flare method to include
several sources that might be too weak for individual detection.
The two search methods are applied to a pre-selected list of Active Galactic Nuclei, com-
posed of Flat Spectrum Radio Quasars and BL-Lacs, using data of the IceCube Neutrino
Observatory taken between May-2009 and May-2012. No statistically significant neutrino
flares are detected and fluence upper limits are calculated for each selected source. These
limits are on average a factor of two better than previous upper limits from single-flare
searches.
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Zusammenfassung
Aktive galaktische Kerne gehören zu den besten Quellkandidaten der hochenergetischen
kosmischen Strahlung. Es wird erwartet, dass hochenergetische Neutrinos durch Interak-
tion der kosmischen Strahlung mit Materie oder Photonfeldern in der Nähe der Quellen
erzeugt werden. Der resultierende Neutrinofluss kann dieselbe Zeitvariabilität aufweisen wie
elektromagnetische Strahlung die von diesen Quellen emittiert wird.
Diese Zeitvariabiltät kann in Neutrinoanalysen zusätzlich zu Energie-und Ortsinforma-
tionen benutzt werden, um die Detektionswahrscheinlichkeit zu erhöhen. Im Rahmen dieser
Arbeit werden zwei neue Methoden entwickelt, welche benutzt werden um nach Neutrino-
flares in Aktiven Galaktischen Kernen zu suchen: Die Multi-flare- und Multi-flare-Stacking-
Methode.
Die Multi-flare-Methode ist so enworfen, dass sie nicht nur sensitiv auf einen hellen Flare
ist, wie es in vorherigen Methoden der Fall gewesen ist, sondern auch auf weitere schwächere
Flares welche normalerweise individuell nicht detektiert werden können. Dies wird durch
einen likelihood Ansatz erreicht welcher effektiv den kumulativen Neutrinofluss mehrerer
Flares analysiert. Die Multi-Flare-Methode benötigt keine Zeitkoinzidenz mit Ausbrüchen im
elektromagnetischen Spektrum. Sie ist auch sensitiv auf unkorrelierterNeutrinoemission mit
unterschiedlicher Dauer der einzelnen Flares, was in einigen Emissionsmodellen vorkommt.
Die Multi-Flare-Stacking-Methode ist eine Erweiterung der Multi-Flare-Methode auf
zusätzliche Quellen. In ihr werden mehrere schwache, variable Quellen, welche individuell
zu schwach sein können um detektiert zu werden, zusammen mit der Stackingmethode
analysiert.
Die beiden Analysemethoden werden auf eine vorselektierte Liste von Aktiven Galakti-
schen Kernen angewandt, welche aus Flat Spectrum Radio Quasaren und BL-Lac Objekten
besteht. Hierfür werden drei Jahre Daten des IceCube Neutrinoteleskops verwendet, welche
zwischen 2009 und 2012 aufgezeichnet wurden. Kein statistisch signfikanter Neutrinoflare
wurde gefunden und obere Fluenzgrenzen für jede der Quellen werden ausgerechnet. Diese
Grenzen sind im Durchschnitt um einen Faktor zwei besser als vorherige Obergrenzen von
Analysen einzelner Flares.
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Chapter 1
Introduction
The origin of ultra-high-energy cosmic rays (UHECR), protons and heavier nuclei with
energies & 1019 eV, remains unknown more than 50 years after their discovery [1, 2].
Several astrophysical objects have been proposed as candidate sources of UHECR [3]. One
of the most promising candidates are Active Galactic Nuclei (AGN); galaxies known to
be powerful emitters of electromagnetic radiation in a wide range of wavelengths going
from radio frequencies to TeV gamma-rays. Proton acceleration may take place at several
possible sites within the AGN structure such as at the magnetosphere of the super-massive
black hole located at its center [4] or at relativistic jets present in some of this objects [5].
The trajectories of charged particles are deflected due to the presence of extra and
intergalactic magnetic fields, making it difficult to trace back the location of their source
based on measurements of their arrival direction at Earth. These deflections might be small
for UHECR, but the lack of conclusive evidence of spatial correlation of the their arrival
directions with the positions of known AGN, makes the evidence of UHECR production in
this kind of sources to remain elusive [6, 7].
Another approach to look for evidence of proton acceleration in astrophysical objects
consists in the detection and study of the energy spectra of high-energy neutrinos and
gamma-rays. According to the so called hadronic models, these particles are expected to
be produced in collisions of high-energy protons with photon or matter fields present in the
vicinity of the source [5, 8, 9]. Since these particles are neutral, they are unaffected by
magnetic fields and their arrival directions would point back to the source location.
Particular features of the the gamma-ray energy spectra of astrophysical objects may
provide evidence of hadronic interactions as in the case of recent observations of Super
Nova Remnants [10]. However, this is not always easy to accomplish since gamma-rays can
also be produced in leptonic models via interactions of accelerated electrons with photon
target fields present in the object environment. The gamma-ray energy spectra of several
AGN can be well described by both leptonic and hadronic models [9]. The detection of
high-energy neutrinos would provide complementary evidence of the existence of hadrons
being accelerated in these objects [11].
The IceCube Neutrino Observatory is one of the experiments that have looked for this
evidence during the past few years. It consists of 5160 light sensors installed in the ice
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at the geographic south pole occupying an instrumented volume of 1 km3 [12]. Neutrino
interactions with the nuclei of the surrounding ice or the nearby bedrock produce secondary
charged particles that induce Cherenkov light. The direction and energy reconstructions of
neutrino-induced events are based on the detection of this light. These reconstructions have
been used in several searches of a localized excess of events above the atmospheric neutrino
and muon background generated by interactions of cosmic rays with nuclei of the Earth
atmosphere. So far, these searches have not resulted in a statistical significant detection
of a localized astrophysical neutrino flux [13, 14, 15].
Another kind of approach looks for an excess of events over the atmospheric background
focusing on their energy distribution without requiring a localized excess i.e it looks for a
diffuse flux. The very first evidence of this kind was provided by the IceCube Collaboration,
detecting at the 5.7σ level a flux of high-energy neutrinos of astrophysical origin [16, 17].
Recently, some AGN have been considered as plausible counterparts of these events [18].
However, given the uncertainties in the arrival directions of most of the detected events,
their spatial distribution is consistent with an isotropy and therefore no association with an
astrophysical object has been made yet.
AGN are known to emit photon flares at different wavelengths and in various time
scales, ranging from minutes in TeV gamma-rays [19, 20] to several days in the GeV band
[21]. If this radiation is produced in hadronic interactions, the associated neutrino emission
may exhibit similar time variability. One way to increase the detection probability of high-
energy neutrinos emitted from these sources is to include in the search method the arrival
time information of the events since by looking at short time windows the atmospheric
background decreases.
Search methods that include time information are known as time-dependent methods.
One of these methods, developed elsewhere, aims to find a single bright neutrino flare
located at any point in the sky or at locations of selected AGN [22, 23, 24]. The method is
referred as an un-triggered search since it does not consider a photon counterpart a-priori.
Another method takes into account information extracted from photon observations for a
given source, for example gamma-rays detected in the GeV or TeV energy range, in order
to define time windows where neutrinos are expected simultaneously to the photon flares.
These approach is referred a triggered search [22, 23].
In this thesis two additional time-dependent methods were developed and applied to
IceCube data taken between May-2009 and May-2012 using a a pre-selected list of AGN as
candidate sources. The first method is sensitive to a set of neutrino events which might form
not only a single flare, as assumed in the un-triggered search, but are distributed in several
weak flares that might not be detected individually [25]. These multiple neutrino flares
are not assumed a-priori to be synchronous with photon flares as considered in triggered
searches. The developed search method therefore allows to find several neutrino flares
of different durations with no photon counterparts as proposed in some emission models
[26, 27].
Since individual sources might be too weak for individual detection, a second method
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was developed to look for an accumulated neutrino emission from several flaring AGN. In
this approach the number of events a single source would have to emit in order to reach
the discovery threshold is less than if the source is analyzed individually.
Chapter 2 gives a short overview on cosmic ray observations and a description of the
cosmic ray interactions that would produce high-energy neutrinos, together with a brief
description of several astrophysical objects that are proposed in the literature as cosmic ray
and high-energy neutrino sources. Chapter 3 focuses on AGN and their phenomenology
ending with a description of the criteria to select a list of flaring AGN, to be tested with
the search methods developed in this thesis. Chapter 4 presents the field of neutrino
astronomy describing the principle of operation of a neutrino telescope and the main sources
of background. Chapter 5 describes the IceCube Neutrino Observatory, the direction and
energy reconstruction methods and the event selection steps to generate the data samples
to be used. Chapter 6 presents the statistical tools that is the basis of the search methods
developed in this thesis which are described in detail in Chapter 7. Finally, Chapter 8 shows
the results of applying these methods to the pre-selected AGN and Chapter 9 presents the
summary and outlook of this work.
4 CHAPTER 1. INTRODUCTION
Chapter 2
Cosmic Rays and High-Energy
Neutrinos
The main features of cosmic rays and the general models for acceleration mechanisms are
summarized in this chapter. After a description of the cosmic ray interactions that are
expected to produce high-energy neutrinos, several candidate sources of cosmic rays and
neutrinos are briefly described.
2.1 Cosmic Rays
Cosmic rays consist on a flux of charged particles such as electrons, protons and heavier
nuclei arriving to the Earth atmosphere. They were discovered more than 100 years ago
and up to now their origin is not completely understood. Several experiments have studied
cosmic ray phenomena by measuring for example their energy spectrum at different energies.
In the following the main features of cosmic rays are briefly described.
2.1.1 Cosmic Ray Spectrum
Figure 2.1 shows the flux of cosmic rays as a function of their kinetic energy as measured
by different experiments. In general the cosmic ray spectrum follows a power law:
dN
dE
∝ E−γcr , (2.1)
where N is the number of particles per unit of area and per unit of time and γcr is referred as
the spectral index. The power law behavior can be explained in terms of shock acceleration
as described in the next section.
There are several features in the cosmic ray energy spectrum visible as changes in the
spectral index γcr at different energies. At energies above E > 10
14 eV the cosmic ray flux
has been measured indirectly by ground-based detectors. This is achieved via the detection
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Figure 2.1: Cosmic ray spectrum as measured by different air shower experiments. Several
features appear as a change in the slope (spectral index of a power law) labeled as the
knee, 2nd knee and the ankle. Taken from [28].
of air showers of secondary particles produced in interactions with the nuclei of the Earth
atmosphere. At these energies the cosmic ray flux decreases steeply (γcr ≈ 2.7) up to the
feature known as the ”knee” located above E ≈ 3 × 1015 eV where the spectral index
change to γcr ≈ 3.10.
Cosmic rays with energies below and around the knee are believed to be mainly of
galactic origin. This is because the energy range around the knee can be associated with
the maximum energy galactic accelerators such as Super Nova Remnants and binary systems
(briefly described in section 2.3) could provide in acceleration of charged particles such as
protons and helium nuclei. [3, 29]. Another feature known as the second knee is seen at
E ≈ 4× 1017 eV which is interpreted in terms of the maximum energy achieved in galactic
accelerators for heavier nuclei (Actinides) [30].
Ultra-high-energy cosmic rays (UHECR) are detected at energies around and above
3 × 1018 eV where a feature known as the ankle is visible. This feature is commonly
interpreted as the the effect of a population of cosmic rays produced in extra-galactic
sources, such as AGN and Gamma-Ray-Bursts (see section 2.3), starting to dominate the
spectrum [32, 33]. The last feature in the cosmic ray spectrum is a rapid decrease of
the particle flux at energies above 5 × 1019 eV. This feature could be associated with
the suppression of cosmic rays due to interactions with cosmic micro-wave background






Moving plasma Stationary gas
Figure 2.2: Sketch of the diffusive shock acceleration mechanism. A charged particle
with initial energy E0 crosses a shock front that propagates at a supersonic velocity ~v.
After being scattered by an inhomogeneous magnetic field the charged particles achieves a
constant energy gain (E1 − E0)/E1 ∝ |~v|/c when it crosses again the shock front. This
process is repeated until the charged particle escapes the magnetic confinement [31].
photons (CMB) also referred as the GZK (Greisen-Zatsepin-Kuzmin) cut-off [34]. In these
interactions cosmic rays lose energy either by the production of a ∆-resonance or by direct
electron-positron pair production. The mean free path for this interactions at energies
around 1018 eV is about 200 Mpc and therefore sources located at larger distances should
not contribute significantly to the flux of UHECR at Earth [6].
Another interpretation of the rapid decrease at these energies is that the high-energy
cosmic ray sources run out of acceleration power and cannot produce particles of higher
energies [2, 3].
2.1.2 Acceleration Mechanism
One of the most popular models for particle acceleration in astrophysical environments
is known as diffusive shock acceleration, also referred as first-order Fermi acceleration
mechanism. A first version of such mechanism was proposed by Enrico Fermi in 1949 [36]
and revisited by several authors in the late 1970s [37, 38]. This model is based on the idea
that several astrophysical phenomena can be described by the collision of moving plasmas
that generates disturbances in the plasma density known as shock fronts which move at
supersonic speeds. Figure 2.2 illustrates the acceleration mechanism: a charged particle
pass several times through a shock front, moving at a velocity v, due to the influence of a
turbulent magnetic field scrambling its trajectory. In a single crossing the particle gains a
fraction of energy proportional to β = v/c. This process continues until enough energy is
obtained for the particle to escape the magnetic field confinement.
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Figure 2.3: Updated Hillas Plot (taken from Ref. [3] which shows an update of the original
plot found in Ref. [35]). The uncertainties in the acceleration size R and the magnetic field
B estimated for different astrophysical objects are shown in the colored regions. Above the
blue (red) line protons (Iron nuclei) the maximum acceleration energy is Emax ≥ 1020 eV
(see Eq. 2.2).
Once the probability that the charged particle does not escape the acceleration region
in a single crossing is taken into account, the final outcome of this process is a power
law energy spectrum for the accelerated particles with spectral index γp = 2 for non-
relativistic shocks and between 2.1 and 2.4 for relativistic shocks [39, 2]. Detailed Monte
Carlo simulations predict a softer (γp > 2) or a harder (γp < 2) spectrum depending on
the conditions of the astrophysical environment such as the level of magnetic turbulence
[40] or the presence of multiple shock fronts propagating at different velocities [41].
The observation at Earth of cosmic rays with an even softer spectrum (γcr ≈ 2.7) is
commonly interpreted as the effect of charged particles at higher energies escaping the
Milky-Way galaxy since they are not longer confined by the galactic magnetic field which
is estimated to be of the order of a few µG [32].
If the Larmor radius of a particle is larger than the size of the acceleration region R the
particle escapes this region. This sets a limit on the maximum energy a charged particle
can gain given by the Hillas condition [35] which for the case of relativistic shocks is [39]:
Emax = ΓβZeBR, (2.2)
where Γ is the Lorentz factor, Z is the charge of the particle in units of the electron charge
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e and B is the magnitude of the magnetic field present in the particular astrophysical object
being considered.
Figure 2.3 shows the so-called Hillas plot in which the parameter space for the size
of the acceleration region and the magnitude of the magnetic field is shown for different
astrophysical objects including the uncertainties in these parameters (colored regions). The
Hillas condition for Emax = 10
20 eV (β ≈ 1) is satisfied at the regions above the blue
(protons) and red (Iron Nuclei) lines. The AGN parameter space is illustrated in this plot
for different proposed acceleration regions within the AGN structure1: jets (pink region),
hot spots (orange region) and nuclei (yellow region). Some regions of the AGN parameter
space satisfy the Hillas condition and therefore this objects have been considered since long
good candidates for sources of UHECR. Other candidate objects include Gamma-Ray-Bursts
(GRB) and neutron stars which are described briefly on section 2.3.
2.1.3 Cosmic Ray Astronomy
Experimental evidence is still required to establish the sources of high-energy cosmic rays.
A natural idea for this kind of evidence is to look at the arrival direction of the observed
cosmic rays and investigate space correlations with known astrophysical objects. However,
this can only be done for UHECR since the trajectories of cosmic rays are deflected by the
presence of interstellar magnetic fields [42] and this deflection is small for UHECR2
In 2007 the Pierre Auger Collaboration announced evidence for correlation of the arrival
directions of 27 UHECR with the locations in the sky of known AGN which reached max-
imum significance for around 400 sources located at distances less than 71 Mpc from the
Earth [44]. This correlation was not confirmed by a similar analysis using data of the HiRes
telescope [45]. Figure 2.4 shows the arrival direction of UHECR detected by these two ex-
periments together with the position of the ∼ 400 AGN. The significance of the correlation
decreased by a factor of two by using the arrival directions of new UHECR detected by the
Pierre Auger Observatory (69 in total). The data is still inconsistent with isotropy at the
99% confidence level but with the current data no claim can be made on AGN being the
sources of UHECR [6].
2.2 High-Energy Neutrinos
Charged particles accelerated in astrophysical environments may interact with target fields
present in the vicinity of these objects. Two target fields are considered in theoretical models
of these environments: photon radiation fields (proton-photon models) and ambient gas
material (proton-Nuclei or proton-proton models).
1The AGN structure is discussed in detail in chapter 3
2For protons with energies around 1019eV the deflection is less than 3◦ for a magnetic field of 1nG
[43]. However, it should be noted that deflections in the extragalactic magnetic fields could be much larger
(∼ 15◦) according to some calculations [2].
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Figure 2.4: Arrival directions in equatorial coordinates of the UHECR observed by the Pierre
Auger Observatory (circles) and the HiRes telescope (squares). The blue stars show the
positions of ∼ 400 known AGN at distances less than 71 Mpc from the Earth for which the
analysis provided the largest significance [44], although no claim was done on AGN being
the sources of UHECR. No significant correlation was seen by the HiRes telescope [45].
Taken from [32].
The main channel for inelastic collisions of high-energy protons with photon fields is the
direct production of electron-positron pairs (p + γ → e+ + e− + p) [4]. The cross section
for this process, also know as the Bethe-Heitler pair production, is two orders of magnitude
larger than the photo-meson production [46] in which π-mesons are produced in the decay
of the produced ∆(1232)-resonance:
p+ γ → ∆+ → n+ π+ in 1/3 of the cases, (2.3)
p+ γ → ∆+ → p+ π0 in 2/3 of the cases. (2.4)
Even with a smaller cross section, this process is the main energy loss process for high-energy
protons since on average only a small fraction of the proton energy is transferred to the
positron-electron pairs while in the case of photo-meson production the proton can transfer
> 13% of its energy to the secondary products [46]. Additional pions can be generated
from second order channels such as the decay of resonances at higher masses (N(1440) ...
∆(1700), etc), direct-pion production, multi-pion production and Kaon decays, where the
last two processes become dominant at high energies of the incoming proton. [47, 48].
For the second interaction channel i.e collisions with nuclei of the ambient material N ,
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mesons are also produced via:
p+N → π+ + π− + π0, (2.5)
p+N → K+ +K− +K0. (2.6)
In these interactions heavier particles such as D-mesons and Λ+c particles are produced at a
lower rate but can become dominant at high proton energies. If the density of the ambient
medium is sufficiently low the pions produced in both interaction channels decay before
further interaction with other particles into neutrinos and gamma-rays:
π+ → µ+ + νµ, (2.7)
π− → µ− + ν̄µ, (2.8)
π0 → γ + γ. (2.9)
The subsequent muon decay provides an addional neutrino flux:
µ+ → e+ + νe + ν̄µ, . (2.10)
Depending on the theoretical model considered there could be additional contributions to
the neutrino flux such as neutrinos from the decay of the neutrons (see Eq. 2.3):
n→ p+ e− + ν̄e, (2.11)
and neutrinos product of the decay chain of heavier mesons (see Eq. 2.6):
K± −→ µ± + νµ(ν̄µ) (63.55%), (2.12)
−→ π± + πo (20.66%),
−→ π+ + π± + π± (5.59%),
−→ π0 + µ± + νµ(ν̄µ) (3.35%),
D± −→ µ± + νµ(ν̄µ) +X, (17.2%), (2.13)
Λ+c −→ Λ + µ+ + νµ, (2.0%) (2.14)
−→ e− + νe, (2.1%)
where the corresponding branching ratios are quoted in parentheses. The magnitude of
the contribution from Kaon decay chains to this neutrino flux depends on the assumptions
made in each model like for example which target field is considered [47, 48, 49]
The decay of neutral and charged pions (Eqs. 2.7,2.8, 2.9) ilustrates the connection be-
tween high-energy neutrinos and gamma-rays as this two messengers would be produced in
different decay channels of the same hadronic interactions. Since high-energy gamma-rays
can also be produced by leptonic process i.e by the interactions of high-energy electrons
at the source (see section 3.2), their mere detection does not guarantee that the hadronic
interactions described in this section take place. High-energy neutrinos could provide un-
ambiguous evidence of hadronic acceleration in these sources.
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In the GZK scenario high-energy protons interact with the cosmic micro-wave back-
ground (p+ γCMB) producing the secondaries described above i.e e
± pairs and π-mesons.
The rapid decrease observed in the cosmic ray spectrum at the highest energies (see Figure
2.1) can be interpreted as the observable consequence of the photo-production of π-mesons
[31, 3]. A high-energy neutrino flux from these interactions is refered as a cosmogenic neu-
trino flux which is predicted to peak at around 1 EeV but has not been observed yet [11].
The energy spectra of neutrinos emmited in these and other potential sources have
been calculated in several theoretical approaches taking into account the relevant decay
chains and energy losses for various astrophysical enviroments. In the case of proton-proton
interactions taking place in the vicinity of objects such as AGN, the energy spectrum of
astrophysical neutrinos follows at first approximation the energy spectrum of the parent
cosmic rays producing them, [50] while in proton-photon interactions the energy spectrum
reflects the spectrum of the target photons [51, 48]. In these models high-energy neutrinos
are predicted to be emitted with an energy spectrum peaking in the TeV-PeV range.
Neutrino flavor ratio
The benchmark neutrino production scenario due to pion decays (Eqs. (2.7) (2.10)), results
in a neutrino flavor ratio νe : νµ : ντ = 1 : 2 : 0. Other theoretical scenarios predict a
different initial flavor ratio that depends on the interaction channel and on the energy range
considered [52, 53]. One example of these kind of scenario is known as the muon-damped
mode in which muons produced in pion-decays (Eq. 2.7) lose energy before it decays in
further interactions with the environment, such as a field of target photons. The νe and ν̄µ
contributions from its decay (Eq. 2.10) are therefore suppresed. Pions on the other hand
have a life time two orders of magnitude smaller than muons and therefore they almost
always decay before interacting. The initial flavor ratio of the emitted neutrino flux in this
case is νe : νµ : ντ = 0 : 1 : 0.
As discussed in section 4.1 the neutrino flavor changes during its propagation to the
Earth due to neutrino oscillations. The benchmark production scenario with an initial
flavor ratio of 1 : 2 : 0 therefore becomes 1 : 1 : 1 at the Earth. This ratio change if other
scenarios, like the one described above, take place at the source [52, 49, 53].
2.2.1 First Evidence of an Astrophysical Neutrino Flux
As will be discussed in section 4.3, the background in analyses aiming to find evidence of
astrophysical neutrinos consists is a flux of secondaries refered as atmospheric neutrinos
and muons. This secondaries are produced in the same interactions for the proton+Nuclei
case presented above when cosmic rays arriving to the Earth interact with nuclei of the
atmosphere. The first evidence of an astrophysical neutrino flux was provided by the
IceCube Collaboration in 2013 by observing 28 neutrino candidate events in two years of
data where around 10 events are expected from atmospheric backgrounds [16]. Figure 2.5
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Figure 2.5: Energy spectrum of the events detected by the IceCube Neutrino Observatory
in two years of data. An excess of events is observed above the atmospheric background
at deposited energies above 100 TeV. Taken from [16].
Figure 2.6: Arrival directions of the events observed in two years of data of the IceCube
Neutrino Observatory in galactic coordinates together with an estimation of the significance
of their clustering in terms of a test statistic TS (color bar). Approximately 40% of the
events are expected to originate from atmospheric backgrounds. No significant clustering
in space was found. Taken from [16].
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shows the energy spectrum of the observed events where and excess over the estimated
background is seen at high energies. A follow-up analysis, which uses an additional year
of data rejects at the 5.7σ level a pure atmospheric origin of the observed events [17].
Assuming a power law of the energy spectrum the best fit spectral index is γ = 2.3± 0.3.
The study of the arrival directions of the observed events did not show a significant space
clustering (see Figure 2.6) and therefore their distribution is consistent with an isotropic
flux [17]. The source of these astrophysical neutrinos is still unknown. It is worth to note
that most of the detected events have angular resolutions up to 15◦ and therefore are not
well suited for point source searches 3
An additional analysis of the IceCube data, designed to observe the diffuse astrophysical
neutrino flux down to 35 TeV, resulted in the first contraints of the neutrino flavor ratio
at Earth. While the data is consistent with the benchmark neutrino flavor 1 : 1 : 1 other
scenarios, such as 0 : 1 : 0 and 1 : 0 : 0, are excluded at the 2− 3σ level [54].
2.3 Candidate Sources of Cosmic Rays and High-Energy
Neutrinos
2.3.1 Galactic Candidate Sources
Super Nova Remnants (SNR)
Super Nova Remnants result from the explosion of aging stars. This explosion generates a
plasma with velocities up to 10% the speed of light which interacts with interstellar media,
such as molecular clouds, resulting in the formation of shock fronts in which hadrons could
be accelerated. SNR are usually considered as being the dominant sources of cosmic rays
up to the knee feature at energies around 3 PeV [29].
So far around ten Super Nova Remnants have been observed in the TeV range [55],
however, this is not enough evidence of effective hadron acceleration and subsequent photon
emission produced in pion decays (Eq. 2.9). Accelerated electrons could also generate
gamma-rays in the TeV range via bremsstrahlung or inverse compton scattering of low
energy photons.
Figure 2.7 shows the energy spectrum of the SNR IC 443 at energies above 100 MeV
together with different model fits [10]. The data match the characteristic energy spectrum
of gamma-rays produced in pion decays providing direct evidence of pion production in these
sources and therefore evidence of proton acceleration. Despite this evidence high-energy
neutrinos in the direction of SNRs have not been detected [14, 15, 56].
3The concept of a point source search using events with sub-degree angular resolutions is described in
chapter 4.
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Figure 2.7: Gamma-ray energy spectrum of the SNR IC443. The solid red line is the gamma-
ray spectrum produced in neutral pion decays and the red dots are the experimental data
measured by the Fermi Large Area Telescope (Fermi-LAT). This observation provides the
first direct evidence of proton acceleration in SNRs. Plot taken from [10].
Microquasars and X-ray Binaries
Binary sistems are composed of a compact object (a black hole or neutron star) accreeting
material provided by a companion star. High-mass X-ray binaries (HMXB) have a star with
a mass of about 10 − 20 solar masses whereas low mass X-ray binaries (LMXB) have a
companion of a mass comparable with the Sun [31]. Besides being know as X-ray sources
some of these objects are also TeV gamma-ray sources. Hadronic interactions could be
produced by protons being accelerated in the high magnetic field provided by the compact
object colliding with the accreting material from the companion star.
Microquasars are a class of X-ray binaries where relativistic jets are produced. These jets
could be responsible of particle acceleration via the Fermi mechanism. These systems are
variable radio sources exhibiting bursts of activity on timescales of several days . Neutrinos
could be produced in the same burst providing a time-dependent neutrino signal. Recent
observations by the IceCube Neutrino Observatory have not detected a neutrino flux from
selected microquasars [22, 23].
16 CHAPTER 2. COSMIC RAYS AND HIGH-ENERGY NEUTRINOS
Soft Gamma-ray Repeaters
Soft Gamma-ray repeaters are objects that exhibit a periodic X-ray emission with periods up
to 10 seconds and high luminosity bursts of about 1 second observed in GeV gamma-rays.
The most popular model for this kind of objects is a neutron star producing a very high
magnetic field, on the order of 1015 G. The bursts are usually interpreted as being produced
in re-arrangements of the magnetic field in which hadrons could be accelerated [57, 58].
2.3.2 Extra-Galactic Candidate Sources
Gamma-Ray-Burst (GRBs)
GRB are among the most energetic explosions in the universe. They release in a few seconds
a similar amount of energy than the Sun will emit in 10 billion years. GRBs are typically
observed first in photons at the keV-MeV band with a spectrum following a broken power
law i.e the energy spectra is modeled with two power law functions each one with a different
spectral index [59]. This emission is followed by a decaying photon emission observed in
radio and X-rays [60].
The origin of GRBs is still unknown. Core collapse Super Nova are the pressumed
progenitors for GRBs of duration of more than 2 seconds while GRBs of shorter durations
are believed to be produced in the merging of two black holes or two neutron stars. Highly
relativistic shock fronts formed in this explosions could accelerate cosmic rays above 1017
eV and high-energy gamma-rays and neutrinos would be produced by the intreractions of
this accelerated charged particles with the keV-MeV photon field [61, 62]. A recent non-
detection of high-energy neutrinos from GRBs by the IceCube Neutrino Telescope contrained
the parameter space for efficient neutrino and UHECR production [63]. However, a revisit
of neutrino production model predicts a high-energy neutrino flux an order of magnitude
lower than previously considered and therefore GRBs might not be ruled out yet as sources
of UHECR [64].
Star-burst Galaxies
Well known as being sources of photons in far infra-red Starburst galaxies have a higher
star formation rate compared to regular galaxies. This implies a higher rate of SuperNova
explosions which collective effect could be an enhacement in the flux of cosmic rays and
neutrinos [62, 65, 66, 67]. However, high-energy neutrinos from these sources have not
been detected [14, 15, 56].
Active Galactic Nuclei (AGN)
AGN are galaxies with a super-massive black hole of about 106 − 109 solar masses in their
center, known as being very bright and variable sources of electromagnetic radiation going
observed in radio frequencies up to the gamma-rays in the TeV range. They are considered
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among the best candidate sources of both high-energy cosmic rays and neutrinos and since
they are the objects being studied in the current work they are discussed in detail in the
next chapter.
Galaxy Clusters
Galaxy clusters consists on hundred to thousand gravitationally bound galaxies and are one
of the largest structures observed in the univerese. Cosmic rays could be generated in this
structures by shock acceleration that results from the structure formation or from some of
the powerful AGN that compose it [68, 69, 70].
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Chapter 3
Active Galactic Nuclei as Candidate
Sources of Variable Neutrino Emission
In this chapter the main characteristics of Active Galactic Nuclei (AGN) are presented to-
gether with a brief description of the models predicting emission of high-energy neutrinos.
In the last part, the criteria to select candidate AGNs for flaring neutrinos sources is de-
scribed. These sources are used as test objects for the searches developed in this thesis and
described in chapter 7.
3.1 A Brief Introduction to Active Galactic Nuclei
Among all the galaxies in the observed universe, only about 1% are classified as Active
Galactic Nuclei. The first object of this category, now named 3C 273, was discovered in
1963 showing extreme radio-emission unlike other stellar objects known at the moment
[71]. AGNs in general are now known as being bright sources of electromagnetic emission
going from the radio regime to TeV energy range. These sources exhibit different features
depending on the wavelength being observed.
A general unification scheme for AGNs was proposed by Urry and Padovani in 1995
[72]. The model propose that the different observed features correspond to the same
kind of object being observed from different inclination angles. In this model AGNs are
described as galaxies powered by a rotating super-massive black hole of masses in the order
of 106 − 109 times the solar mass located at its core. A sketch of the AGN morphology
is shown in Figure 3.1 Top. The central black hole is surrounded by hot accretion disk
that emits electromagnetic radiation from the optical/ultra-violet band to the soft X-ray
band. The accreting material is provided by a surrounding dusty torus which is visible in
the infrared band. Prominent highly collimated relativistic jets are present for some AGNs
which exhibit intense radio emission. The jet axis is parallel to the rotation axis of the
super-massive black hole.
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Figure 3.1: Top: Sketch of the Active Galactic Nuclei structure. Blazars are defined as
AGNs for which the jet is seen at the Earth from small angles (. 10◦). Plot taken from
[62]. Bottom: Radio Galaxy CygnusA as seen in radio frequencies. Jets are observed as
very narrow collimated structures while radio lobes are larger than the host galaxy (shown
at the center of the picture) with sizes going from 10 to 103 kpc across. Hot spots of radio
emission are illustrated in bright yellow [73].
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Figure 3.2: Simplified classification scheme for AGNs. Taken from [74].
Several gas clouds are formed at different regions of the AGN geometry from which
optical lines have been detected. These clouds are named after their optical properties:
Broad Line region (BLR) and Narrow line region (NLR). For some AGNs, the jets form hot
spots and lobes that have been observed as strong radio emitter structures as shown in
Figure 3.1 Bottom. Acceleration of charged particles could take place close to the nuclei,
the jets, the hot spots or the lobes of the AGN via diffusive shock acceleration (see section
2.1.2).
Several observational features are taken into account in AGN classification as shown in
Figure 3.2. Such features include the host galaxy type, related with the radio intensity, the
properties of the optical emission lines and the orientation angle of the AGN jet axis with
respect to the observer. If an AGN is being observed at large angles (∼ 90◦) the dusty
torus can obscure the radiation emitted from the BLR and from the accretion disk and
hence some of the AGNs would not exhibit this radiation features (FR-I, FR-II, Seyfert-II in
Figure 3.1). In this context, Blazars are defined as AGNs that are being observed at small
angles (. 10◦).
Blazars are further classified as BL-Lac Objects or Flat Spectrum Radio Quasars (FS-
RQs). This classification is based on the properties of their emission lines and on the radio
luminosity at a frequency of 178 MHz (L178). BL-Lacs have absent or weak emission lines
(with widths < 5 Å) and L178 < 2.5 × 1026 W/Hz while FSRQs have strong and broad
emission lines (with width > 5 Å) and L178 > 2.5×1026 W/Hz [62, 72]. An additional char-
acteristic of Blazars is observed in their spectral energy distribution (SED) which include
GeV and TeV gamma-ray observations and is described next.
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Figure 3.3: Example of characteristic double-bump spectral energy distribution (SED) for
Blazars. These objects are further classified taking into account the frequency of the first
peak (synchrotron peak) νsy. Taken from [62].
3.2 The Spectral Energy Distribution
The spectral energy distribution or SED (energy flux per logarithmic energy interval) of
Blazars is known to exhibit a characteristic double bump structure as shown in Figure 3.3.
Depending on the Blazar under study, the bump at low energies has been observed in
frequencies from the radio-UV to X-rays while the second one is observed at high energies
from the X-ray band up to TeV gamma-rays1.
The first bump at low energies is believed to be synchrotron radiation from electrons
being accelerated in the AGN jet and is usually referred as the synchrotron peak. Blazars
are further classified according to the frequency ν = νsy at which this synchrotron peak
is located. The abbreviations found in the literature are LSP (low synchrotron peaked:
νsy < 10
14 Hz), ISP (intermediate synchrotron peaked: 1014 Hz < νsy < 10
15 Hz) and
HSP (high synchrotron peaked:νsy > 10
15Hz)2. The luminosity at low energies decreases
for larger values of νsy [72]. In general there are two theoretical models to describe the
second bump at high energies referred as leptonic and hadronic models as described next.
1In addition, a narrow bump is present for some AGNs in the ultraviolet region (∼ 1015Hz ≈ 10 eV)
attributed to thermal emission from the accretion disk known as the “blue bump” (not shown)[75].
2In earlier references this classification only existed for BL-Lacs and in this case the abbreviations used
were LBL, IBL and HBL to denote the LSP, ISP and HSP subclasses of BL-Lacs.
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3.2.1 Leptonic Models
In leptonic models the second high energy bump is interpreted as the effect of low energy
seed photons being up-scattered to the GeV and TeV regime by the accelerated electrons
in the relativistic jet in a process known as inverse Compton scattering (ICS):
e− + γLow E → e− + γHigh E. (3.1)
The seed photons could be (i) internal photons produced by electron synchrotron radiation
i.e the photons responsible of the low energy bump in the SED or (ii) external photons
such as the electromagnetic radiation being emitted from the accretion disk, the torus,
the NLR or the BLR. In most cases the observed high energy bump for individual AGNs
is modeled as the sum of the contributions from different regions providing external seed
photons [76, 77].
3.2.2 Hadronic Models
Proton acceleration could occur near to the AGN core due to effects such as magnetic re-
connection and direct field acceleration [4] or at the AGN jet via diffusive shock acceleration
[5]. In hadronic models the high energy bump of the SED is attributed to direct proton
synchrotron radiation, radiation from secondary particles generated in hadronic interactions,
or a combination of both. A direct consequence of these models is a high-energy neutrino
flux produced in the interactions of the high-energy protons with a photon or matter target
field present in the AGN vicinity.
The Proton Blazar Model (PBM) [51], for example, considers proton-photon interac-
tions. The seed photons for these interactions are provided by the low energy synchrotron
radiation generated by co-accelerated electrons. The second bump in the SED is then pro-
duced by a mixture of gamma-rays from neutral pion decays, proton synchrotron radiation,
synchrotron radiation generated by secondary particles (muons, pions and kaons) as well
as electromagnetic cascades initiated by the electrons from charged-pions decays [78]. The
Proton Blazar Model requires magnetic fields with magnitudes in the order of several tens
of Gauss necessary to accelerate protons to Ep > 10
19 eV. This model favors LBLs over
HBLs in terms of high energy neutrino fluxes since LBLs have high luminosity of the low
energy component (see Figure 3.3) suggesting higher photon target densities required for
efficient photo-pion production.
Other models involving proton-photon interactions, consider the seed photons as being
provided by external radiation such as infrared emission from the accretion disk [79, 80]
or scattered radiation from the Broad Line Region [81, 82, 83]. These kind of models
are more suitable for FSRQs considering their strong emission lines and their characteristic
“blue bump” observed in optical-infrared wavelengths. In these models TeV gamma-rays
are attenuated by photon-photon interactions with the optical-infrared photons in the en-
vironment producing pairs (γ + γ → e+e−) [80, 83]. The attenuation of TeV gamma-rays
is consistent with the fact that only a small fraction of FSRQs have been observed in the
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TeV regime [55] and with gamma-ray measurements on the GeV band where a cut-off is
observed at a few GeV for most FSRQs and some LBLs [84].
Hard-spectrum BL-Lacs are selected as promising source candidates in Ref. [85] based
on a proton-proton interaction model. In this case the target material is provided by the
accretion flow falling into the super-massive black hole at the core of the AGNs. This model
suggests that the GeV gamma-rays measured from BL-Lacs have a significant contribution
from gamma-rays generated from pion-decays. Proton-proton interactions could occur also
far away from the core where protons accelerated in the jet collide with ambient gas.
However, these models require rather high densities of target material along the jet for
efficient pion production which are not expected in AGN jets [86, 5].
3.3 Time Variability in the Electromagnetic Emission
of Active Galactic Nuclei
One of the characteristic properties of blazars is their time variability manifested in incre-
ments of the photon flux that can reach factors of 10 or more times the observed baseline
flux. These flux changes in time are referred as flares. Typical flare durations go from day
scales for GeV gamma-rays [21] down to minutes for some sources observed at the TeV
domain [20, 19].
In the context the so called one-zone leptonic models, the time variability in the low-
energy bump of the SED should be correlated with the variability of the high-energy bump.
This is because in this kind of models, the low-energy photons are the target field for the
inverse Compton scattering that produces the high energy component. While the optical
emission of some AGNs have been observed to be correlated in time with GeV emission
[87, 88], there are some cases in which ”orphan flares”, high-energy photon flares without
low-energy counterparts, have been detected [89]. Uncorrelated variability for particular
AGNs has been observed between X-rays and GeV gamma-rays [90] and between radio and
GeV gamma-rays with time delays of up to 70 days [91]. One example of an orphan-GeV
flare is shown in Figure 3.4. The bright gamma-ray flare in this case is observed ∼ 150
days ahead of a bright optical flare [89]. A particular interesting case was observed for the
AGN 1ES-1959+650 for which an orphan TeV flare was detected [92].
Within a leptonic interpretation, the observation of a flare in a given wavelength with no
correlated flares in other wavelengths has inspired models with multiple emission zones which
predicts time-lags [89, 93, 94]. However, a persistent trend of time lags or lead patterns over
multiple observations at different wavelengths has not been found yet [95, 93]. Hadronic
models provide an alternative scenario to describe uncorrelated electromagnetic emission.
As described in the last section, the GeV-TeV photon emission in these models is explained
as primary or secondary radiation generated by high energy protons. This radiation can
vary in time independently of the low energy part of the SED. If the GeV-TeV photon
emission is dominated by neutral-pion decays, the time variability observed in this energy
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Figure 3.4: Gamma-ray (upper panel) and Optical (bottom panel) light curves for the AGN
PKS 0454-234. The timescale of variations in this wavelengths is typically in the order
of one to several days. This particular set of light-curves show an example of a bright
gamma-ray flare with no (or very small) optical counterpart. Plot taken from [89].
band suggests in a first approximation that the high-energy neutrino flux produced in these
models would also exhibit time variability in roughly the same time scales.
On the other hand, neutrino flares may be uncorrelated with GeV-TeV photon flares. In
proton-photon models, for example, the observation of GeV-TeV flares implies a low density
of low energy photons in the vicinity of the source so these gamma-rays are not absorbed by
pair production. This scenario sets an upper limit on the density of the target photon field,
during the flare emission, which would be too low for efficient neutrino production [26].
In these models, high energy neutrinos can escape the photon fields while gamma-rays are
absorved. The model in Ref. [96] predicts time lags between optical and GeV gamma-ray
flares in the order of several days. Since in the case of FSRQs the photon target field for
proton-photon interactions is believed to be provided mainly by the optical emission of the
accretion disk or the broad line region, the associated neutrino flares may be correlated
with the optical flares and not with the gamma-ray flares [82].
The search methods for high-energy neutrino flares developed in the current thesis
explore the possible time variability of neutrino emission without assuming time coincidences
with photon flares. These methods test a list of candidate AGNs which selection is described
next.
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Figure 3.5: Distribution of the photon flux for BL-Lacs and FSRQs in the first Fermi
LAT catalog. The vertical lines indicate the thresholds chosen to select bright AGN
(flux>threshold) to be tested as neutrino flaring sources.
.
3.4 Selection of Candidate Sources
The selection of candidate neutrino sources is based on general predictions of the hadronic
models described in this chapter. using as a starting point the first and second Fermi-LAT
catalogs [97]. These catalogs are composed of around 1000 AGNs that have been detected
in GeV gamma-rays.
As a first approximation, bright sources in the GeV band could also be bright in neutrinos.
Therefore, a threshold on the photon flux is set in the selection of both FSRQs and BL-
Lacs. As mentioned in section 3.2.2, the Fermi LAT has measured a cut-off in the energy
spectra of most FSRQs located in the ragnge 1− 10 GeV depending on the source, which
is consistent with high-energy gamma-rays being attenuated by (i) the low-energy photon
fields present in this kind of sources and (ii) the extra-galactic background light [80, 83, 84].
Therefore, the photon flux threshold to select FSRQs is set in the energy range 0.1−1 GeV
since the flux in this energy range dominates the overall luminosity. For the case of BL-Lacs
the optical lines are weak or absent and no significant GeV-TeV gamma-ray attenuation
is expected. This is consistent with the fact that most of the AGNs observed in the TeV
regime are BL-Lacs [55]. Therefore, the energy range for the photon flux used in the
selection of these sources is 1−100 GeV. Figure 3.5 shows the distribution of photon fluxes
in the considered energy ranges for BL-Lacs and FSRQs in the first Fermi-LAT catalog.
The thresholds to select bright sources is shown in vertical dashed lines.
The promising AGNs for neutrino production listed in Ref. [85] have rather hard spec-
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Figure 3.6: Sky map in equatorial coordinates with the positions of the selected AGNs to
be tested with three years of IceCube data corresponding to the seasons 2009-2010 (IC59),
2010-2011 (IC79) and 2011-2012 (IC86). The black line represents the galactic plane.
tra3. A threshold for the spectral index is therefore set for the AGN selection. In the model
in Refs. [81, 82] FSRQs are more promising than BL-Lacs as high energy neutrino sources,
since in BL-Lacs the scattered radiation is weaker providing less photon target densities for
efficient pion-production via proton-photon interactions. These assumptions hold regardless
of the measured photon spectral index in the GeV range and therefore for the selection of
promising sources the threshold in the photon spectral index is not set for FRSQs in the
Fermi catalog.
The final selection criteria for promising AGN is then defined as:
• BL-Lacs: Average flux [1 − 100 GeV] > 8 × 10−8 photons cm−2s−1 AND spectral
index < 2.3
• FSRQs: Average flux [0.1− 1 GeV] > 1× 10−9 photons cm−2s−1
With this selection most of the candidate sources listed in Refs. [83, 51, 80, 85] are included.
In order to select those AGNs with higher changes to be variable in time, a variability
index as defined by Fermi-LAT is used as a selection parameter. The variability index is
constructed as the test statistic of a likelihood test based on monthly light curves. The
null hypothesis in this test correspond to the source being steady. A source is classified as
being variable at the 99% level if the variability index is equal or greater than 41.6 [97].
3The spectral index for a power law energy spectra is less than γ ≈ 2 for the promising sources in Ref.
[85]
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On top of the selection described above, only AGNs that exhibit electromagnetic flares
at different wavelengths were selected. For each one of these AGN a time Tm that indicates
a flaring episode is taken either from the Astronomer Telegrams page [98] or from other
references for particular AGN. As will be discussed in chapter 7 the time Tm sets the center
of a search time window with duration of 80 days in which several neutrino flares are looked
for. The search method itself however does not assume time coincidences beween neutrino
and photon flares, so the search time windows serves only as a first guess in which neutrino
flares can be found.
The selection of promising AGNs described in this section was performed for three
different seasons each one covering a year of data of in the IceCube experiment: 2009-2010
(IC59), 2010-2011 (IC79), and 2011-2012 (IC79). For each year of data sources exhibiting
photon flares were selected. The lists of the selected AGN are shown in chapter 8 together
with the results of applying the search-methods described in chapter 7. Figure 3.6 shows
the distribution in equatorial coordinates of the positions of the selected sources.
Chapter 4
High-Energy Neutrino Astronomy
The previous chapters provided an overview on the production mechanisms of astrophysical
neutrinos mediated by cosmic ray interactions. Several astrophysical objects were intro-
duced as neutrino source candidates emphasizing in Active Galactic Nuclei and their phe-
nomenology. In order to detect high energy neutrinos, large detector volumes are needed to
overcome the fact that the neutrino interaction probabilities are small. In this chapter the
main aspects of high energy neutrino propagation and detection are presented. Emphasis
is made on νµ interactions since these are the events that provide better angular resolution
and are considered in the point search methods described in chapter 7.
4.1 Neutrino Propagation: Oscillations in Vacuum
As briefly discussed at the end of section 2.2, the astrophysical neutrino flux resulting from
the decays of pions, muons and kaons could have different contributions to the final neutrino
flavor composition at the source depending for example on the energy range at which these
decays dominate. Once astrophysical neutrinos are produced in these processes they travel
path lengths in the order of 1Gpc ∼ 3× 1025 m for extra-galactic sources [52].
It is well known that neutrinos change flavor during their propagation in path lengths up
to 1010 m, in the case of solar neutrinos, in a phenomenon known as neutrino oscillations.
This effect has been observed experimentally in neutrino fluxes from different sources such as
solar neutrinos, accelerator neutrinos and atmospheric neutrinos [99, 100, 101]. In principle
neutrino oscillations can also be observed for astrophysical neutrinos giving the opportunity
of testing the effect for larger path lengths [53]. In the following the derivation of neutrino
oscillation probabilities is briefly described following Ref. [99].
Neutrino oscillations arise from the fact that they have non-zero masses. Neutrino flavor
eigenstates described in the basis of mass eigenstates are given by:
∣∣ να 〉 = 3∑
j=1
U∗αj
∣∣ νj 〉, (4.1)
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where α = e, µ, τ describe the different neutrino flavor eigenstates and j = 1, 2, 3 describe
the different mass eigenstates. Uαj are the elements of the 3 × 3 Maki-Nakagawa-Sakati
matrix (MNS) which relates the mass and flavor eigenstates. The probability for a neutrino
produced with initial flavor α to be detected in the flavor β is given by:
P (να → νβ) = |
〈
νβ
∣∣ να 〉|2. (4.2)
where: ∣∣ νβ 〉 = 3∑
k=1
U∗βk
∣∣ νk 〉. (4.3)
Applying Schrodinger equation and using the approximation that the mass eigenstates
evolve in time as plane waves in vacuum:∣∣ νj,k(t) 〉 = e−i(Ej,k)t∣∣ νj,k(t = 0) 〉, (4.4)
where Ej,k are the energies of the mass eigenstates j, k. Replacing 4.4 in 4.1 and 4.3 the
transition probability 4.2 for a given time t becomes:
P (να → νβ) =|
〈
νβ(t)













written in natural units (c = ~ = 1). L = t is the distance between the production
and detection points and m2jk = m
2
j − m2k is the difference of the squared mass of the
mass eigenstates j and k. The transition probability 4.6 has an oscillatory behavior with
















Since the path lengths L traveled by astrophysical neutrinos is in the order of 1022 km even
for very high energy neutrinos (E ≈ 1015 eV) the oscillation phase is large (∆ij >> 1).
Taking into account the uncertainties in the estimation of distance to the production site L,
and the uncertainties in the energy measurement (see chapter 5) the transition probability
P (να → νβ) is averaged out over many oscillations giving:




Using the experimental values for the parameters involved in the calculation of the MSN
matrix elements (Uαj, Uβj) it can be shown that a initial flavor ratio for the benchmark
production scenario νe : νµ : ντ = 1 : 2 : 0 (see section 2.2) is then detected at Earth
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as νe : νµ : ντ = 1 : 1 : 1 [102, 103]. Alternative scenarios give different flavor ratio
predictions and therefore measuring the flavor ratios at Earth can provide insight on the
production mechanisms (see Refs. [102, 104] for a review on neutrino flavor calculations
for astrophysical neutrinos and [100] for a review on neutrino theory).
Resent constraints on the flavor ratio for astrophysical neutrinos have been provided
by the IceCube collaboration. The scenarios briefly described in section 2.2, that predict
flavor ratios 1 : 2 : 0 and 0 : 1 : 0 at the source, are well compatible with the data while
an scenario in which neutron decays dominate the neutrino flux (see Eq. 2.11) giving an
initial flavor ratio 1 : 0 : 0 is disfavored with a significance of 3σ [54].
4.2 Neutrino Detection
Astrophysical neutrinos are detected at Earth via the secondary particles they generate in
weak force interactions with matter. At the energies discussed here (∼TeV-EeV) neutrinos
resolve the individual constituent quarks of the target nuclei N in a process known as deep
inelastic scattering (DIS). Depending on the mediator of the weak interactions (W± or Z0)
the DIS processes taken place are:
νl(ν̄l) +N
W±−−→ l−(l+) +X Charged Current (CC) (4.9)
νl(ν̄l) +N
Z0−→ νl(ν̄l) +X Neutral Current (NC) (4.10)
where X denotes the remnant of the target nuclei N . This remnant interacts with the
surrounding medium generating a cascade of charged particles also referred as an hadronic
shower. The cross section for neutrino-nucleon interactions increase with the neutrino
energy as shown in Figure 4.1. For high energies (Eν > 10
15 eV) the cross sections
for neutrino and anti-neutrino nucleon scattering are nearly identical and therefore anti-
neutrino+Nucleon cross sections are not shown in the plot.
In general neutrino interactions with the electrons of the target material can be neglected
with respect to neutrino-nucleon interactions since their cross sections are around two order
of magnitude smaller. However one special case arise for the ν̄e-electron scattering in which
a resonance forms at around 6 PeV also known as the Glashow resonance [105].
4.2.1 Absorption of Neutrinos in the Earth
The main consequence of the rise of the cross section with the neutrino energy is the
absorption of high energy neutrinos in the PeV-EeV range transversing the Earth. Absorp-
tion effects are usually described in terms of the interaction length defined as the average
distance traveled by the incoming neutrinos inside a material before interacting. The inter-
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Figure 4.1: Cross sections for neutrino-nucleon and neutrino-electron scattering as function
of the neutrino energy. Plot taken from [106].
where NA = 6.02× 1019cm−3 is the water-equivalent Avogadro’s number and σνN(Eν) is
the neutrino-nucleon cross section as function of the neutrino energy.
Figure 4.2 shows the interaction lengths as function of the neutrino energy Eν together
with the water-equivalent Earth diameter. The interaction length at high energies is smaller
than the Earth diameter limiting the detection of high energy neutrinos traveling through
the Earth with energies above ∼ 100 TeV. Neutrinos with smaller energies transversing the
Earth can still interact in the vicinity of the sensitive volume of the detector.
The distance a particle have to travel in certain material before interacting at the de-
tector are also referred as column depths. High energy neutrinos in the PeV-EeV range can
be detected if they arrive from directions with column depths smaller than the interaction
length. The detection probability of high energy neutrinos not only depends on the neu-
trino interaction length Lint but also on the range of the neutrino-induced muons which is
described next.
4.2.2 Muon Propagation in Ice
During propagation, muons lose energy by ionization and radiative losses such as bremss-
trahlung, pair production and photo-nuclear interactions. The mean energy loss per unit of
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Figure 4.2: Water-equivalent (w.e) interaction length as function of the neutrino energy.
The horizontal dashed lines are the Earth column depth expressed in terms of the nadir
angle: cos(θ) = 1.0→ 1010 cm (w.e) which correspond to the Earth diameter. Plot taken
from [107].




= a+ bEµ (4.12)
where a = 0.24 GeVm−1 and b = 0.00032 m−1 for ice [109]. The first constant term
accounts for ionization losses while the other losses such as stochastic bremsstrahlung
losses increase linearly with energy. The critical energy at which the radiative losses equal
ionization losses is defined as Ecrit = a/b ≈ 750 GeV. Above this critical energy radiative
losses dominate. Muons with energies below Ecrit are regarded also as minimally ionizing
muons.
The photons generated in stochastic bremsstrahlung losses generate electromagnetic
cascades in the interaction medium. The muon and the charged particles produced in
electro-magnetic cascades induce Cherenkov light as described in the next section.


















For example a muon with energy Eµ ≈ 1 TeV has a range of Rµ ≈ 2 km while for Eµ ≈ 1
PeV the range becomes Rµ ≈ 20 km. Since a muon can travel large distances depending
on its energy, in the case of neutrino-induce muons the interaction vertex could be located
outside the instrumented volume of the neutrino telescope. In this case, the muon loses
energy before entering the detector and therefore the deposited energy inside the sensitive
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volume is smaller than the total energy. A better estimation of the total energy can be
achieved by looking for events contained in the sensitive volume. The methods to estimate
the muon energy are discussed in chapter 5.
4.2.3 Cherenkov Radiation
A charged particle traveling in a dielectric medium with a velocity v polarize its constituent
molecules. Water molecules, in the case of ice, are exited by the electric field of the moving
charged particles returning to their ground state by emitting light. If the charged particles







where n(λ) is the refraction index of the medium for the wavelength λ, then the emitted
light of the molecules in the path of the charged particle interfere constructively forming
a coherent wavefront of light in a cone shape. The angle between the direction of the





In the case of ice as propagation medium and relativistic particles (β ≈ 1), θc takes values
in the range 40.5 − 42.5◦ depending on the light wavelength. The number of photons







Integrating over wavelengths from 300 to 600 nm, at which the photo-multipliers detect
light in the IceCube Neutrino Observatory, the number of emitted photons per unit of length
is N ≈ 200 photons/cm.
4.2.4 Neutrino Telescope Principle
The energy and direction estimators of individual events detected in a neutrino telescope
are based on the propagation and detection of the Cherenkov light that the charged leptons
induce in the interaction medium. This estimators are described in chapter 5 as implemented
in the case of the IceCube Neutrino Telescope.
The astrophysical neutrino searches described in chapters 6 and 7 focus on the events
product of charged current interactions of muon neutrinos i.e νµ(ν̄µ)+N
W±−−→ µ−(µ+). As
discussed later in this chapter, muon trajectories follow straight paths with lengths in the
order of tens of km for incoming neutrino energies in the TeV-EeV range. The kinematic
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where Eν is the neutrino energy. At 1 TeV the kinematic angle is Ψ ≈ 0.7◦ which is
smaller than the detector angular resolution of reconstructed muon events in the order
of 1◦ at this energy (see chapter 5 for event reconstruction details). The reconstructed
trajectory of the secondary muon therefore points approximately in the same direction than
the incoming neutrino. This makes neutrino-induced muon tracks appropriate events for
neutrino astronomy and point source searches since they point back approximately to their
direction of origin.
Possible deflections in the muon trajectory due to the Earth magnetic field and Coulomb
scattering at energies above 1 PeV are too small to be resolved within the detector recon-
struction capabilities. The muon charge cannot be estimated on the basis of curved trajec-
tories in absence of an stronger magnetic field. Since the charge of the secondary muons
is related with the nature of the incoming particles (Eq. 4.9) neutrinos and anti-neutrinos
cannot be distinguished in a high neutrino telescope as in the case of IceCube.
Since the cross sections of neutrino interactions are small even at high energies1 large
volumes of interaction material are needed in order to increase the interaction probability.
The interaction medium in the case of the IceCube Neutrino telescope is the Antarctic
ice at the south pole (see chapter 5 for more details on the IceCube detector). With 1
km3 of instrumented volume, and depending on the production model at the source, early
estimations of astrophysical energy neutrino event rates in this kind of telescopes predicted
in the order of a few (∼ 10) astrophysical neutrino signal events per year (see for example
Refs. [111, 112]). The searches of these events are performed in the presence of background
events as described next.
4.3 Background for the Detection of Astrophysical Neu-
trinos
As briefly described in section 2.2, the very same p + N interactions that are believed
to take place in the environment of the sources of cosmic rays and produce astrophysical
neutrinos take place also at Earth when cosmic ray particles collide with nuclei of the
atmosphere. The subsequent cascade of particles or shower generated in these interactions
can be made of up to several thousand particles depending on the incoming cosmic ray
energy [113] (see Figure 4.3 for an illustration of an atmospheric shower). The two main
background components for the search of astrophysical neutrinos are atmospheric muons
and atmospheric neutrinos produced in these showers.
1in the order of 10−32 cm−2 for 1 PeV neutrino energy
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Figure 4.3: Sketch of the atmospheric neutrino and muon flux produced by cosmic ray
interactions in the Earth atmosphere.
4.3.1 Atmospheric Muons
Atmospheric muons are produced mainly in pion and kaon decays (see Eqs. 2.7, 2.8 and
2.12). In the atmosphere pions and kaons lose energy in interactions with the target nuclei
before they decay. The atmospheric muon energy spectrum is then softer than the energy
spectrum of the primary cosmic ray particles producing them which follows a power law
E−2.7 (see section 2.1). The resulting muon energy spectrum follows approximately a power
law E−3.7 at high energies (& 100 GeV) [113].
For the IceCube neutrino telescope, located at the south pole, atmospheric muons
produced in the northern hemisphere are absorbed by the Earth. This is because their
range Rµ (see Eq 4.13) is in the order of several tens of km for the energies considered
here which is smaller than the Earth diameter of ∼ 6000 km.
Atmospheric muons produced in the southern hemisphere, also refereed as down-going
atmospheric muon events, are the main background for astrophysical neutrino searches in
this region of the sky for which the number of atmospheric muon events is expected to be
six orders of magnitude larger than the astrophysical neutrino flux. If only reconstructed
tracks transversing the sensitive volume of the detector are taken into account, muon-tracks
produced by atmospheric muons and those produced in high energy neutrino interactions
cannot be distinguished. As described in chapter 5, additional techniques such as the use
of a surface detector to veto events likely to be produced in atmospheric showers or select
events for which their interaction vertex is reconstructed inside the sensitive volume, are
used to distinguish tracks induced by atmospheric muons or neutrinos from events induced
by astrophysical neutrinos.
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In addition, several hundreds of low energy muons produced in a single shower, also
known as muon bundles, can mimic an energetic muon track produced by a high energy
neutrino and additional techniques are needed in order to reduce this source of background.
Searches of astrophysical neutrinos in the northern hemisphere are also affected by the
down-going atmospheric muon flux: Two down-going atmospheric muons arriving close in
time (coincident events) can resemble the Cherenkov light signature of a single up-going
event i.e a neutrino-induced muon track arriving from the northern hemisphere.
There are several ways to decrease the muon background in neutrino telescopes which
are described in more detail in chapter 5. On one hand the energy spectrum of astrophysical
neutrinos is expected to follow a power law E−2 (see section 2.2). Since this is a harder
energy spectrum than the spectrum of atmospheric muons, energy cuts are used to get rid
of low energy atmospheric muons since at energies in the PeV-EeV range the astrophysical
neutrinos would start to dominate. On the other hand, as discussed in section 4.2.2, at
high energies radiative losses dominate the muon energy losses and this can be used to
distinguish high energy muon tracks from low energy muon bundles as their energy loss
profile is different. Additionally, dedicated direction reconstructions can that take into
account the event topology provide an additional tool to decrease the number of coincident
down-going muon events that mimic and up-going event.
Finally, the atmospheric muon rates depend on weather conditions. Changes in the
temperature of the atmosphere are accompanied by changes in the density of air molecules
and since the pions and kaons that are produced in air showers are more likely to interact
before decaying in a dense and cold atmosphere, this effect translates in changes in the
muon rate in the order of ±10% [22, 114].
4.3.2 Atmospheric Neutrinos
The atmospheric neutrino flux is produced in the same decays that generate the atmo-
spheric muon flux i.e mainly in decays of pions and kaons product of comic ray interactions
in the atmosphere. Their energy spectrum follows also a power law E−3.7 as described in
the previous section. The atmospheric neutrino flux has been measured by several experi-
ments and is shown Figure 4.4. Since atmospheric neutrinos can transverse the Earth an
interact close to the detector depending on their initial energy they are the main source of
background for astrophysical neutrino searches in the northern hemisphere.
The atmospheric neutrino flux product of pion and kaon decays is also referred as the
conventional atmospheric neutrino flux. An additional neutrino flux is produced in the decay
of heavier mesons such as D-mesons and Λ+c ( see Eqs. 2.13 and 2.14). Since this heavier
mesons have smaller lifetimes they almost always decay before further interactions with the
atmosphere nuclei. Therefore their energy spectrum follows the spectrum of the parent
cosmic rays i.e E−2.7 and it is referred as prompt atmospheric neutrinos (see Figure 4.3)
[116].

































































































































































Figure 4.4: Conventional electron-neutrino and muon-neutrino atmospheric flux measured
by several experiments as function of the neutrino energy. Taken from [115].
4.4 Search Concept for Point Sources of Astrophysical
Neutrinos
There are several ways to test the hypothesis of having a population of high energy neutrino
events generated outside the Earth atmosphere. These searches differ on the assumptions
made on the signal properties such as the position on the sky of potential neutrino sources
(AGNs, GRBs, binary systems, etc), the spatial extension of the source compared with the
experimental angular resolution (point source or extended source), and the contribution of
several sources being added up (stacking and diffuse analyses) as described next.
In a stacking analysis, several astrophysical objects, such as AGNs, are thought to be
too weak for individual detection. In order to increase the detection probability in this kind
of search, a set of objects with known positions is considered in a single the statistical
test. On the other hand, A diffuse search tests the hypothesis of having a flux of high
energy neutrinos above the atmospheric neutrino and muon background. This test does
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not require a spatial clustering of the vents and if the observation is significant, as in the
case of the astrophysical neutrino flux already detected [17], it can be intrepeted as the
overall contribution of several unresolvable high energy neutrino sources. In this kind of
analysis the relevant information taken into account is the energy distribution of the events
and not their spatial distribution.
In a point source search the signal is defined as a statistically significant population
of neutrino-induced muon tracks clustering in particular direction in the sky. There are
additional parameters that help to distinguish a signal from the background:
1. Energy distribution: In the second order Fermi acceleration case, the energy distri-
bution of astrophysical neutrinos should follow a power law E−2, whereas the energy
distribution of atmospheric neutrinos at high energies (& 1 TeV) follows E−3.7 [117].
2. Time distribution: As mentioned earlier changes in the atmospheric neutrino and
muon flux are less than ±10% due to seasonal variations. Since the time variability
at the sources is expected to produce larger changes in the neutrino flux (see section
3.3), event timing information can be used as a discrimination parameter.
Including time information in the analysis is the core of the methods developed in
this thesis and described in chapter 7.
Different analysis methods differ in the way the parameters described above (space, en-
ergy, time) are taken into account. The binned method for example is one of the methods
implemented in previous IceCube analyses in order to calculate the significance of a clus-
tering of events in space [118, 24]. This approach used only the direction reconstruction of
the events to calculate the significance of an excess of events over the expected number of
background events contained in a predefined circular bin in the sky.
Previous works demostrated than the detection probability increases by including ad-
ditional information into the analysis, such as the reconstruction error and the energy
estimators for each event [24, 119]. This additional parameters are included in a unbinned
likelihood method as described in chapters 6 and 7
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Chapter 5
Reconstruction and Selection of
Events in the IceCube Detector
In this chapter the main technical aspects of the experimental set-up for the detection of
astrophysical neutrinos is described. This chapter begins with a description of the IceCube
neutrino telescope and its main components. Next the event direction and energy recon-
structions strategies are presented. Finally the strategies for event selection are described.
5.1 The IceCube Neutrino Observatory
The IceCube Neutrino Observatory is composed of three sub-detectors located at the geo-
graphic south pole: the IceTop array, the IceCube array and the DeepCore array as shown
in Figure 5.1.
The IceTop array consists of 324 light sensors distributed in 81 stations arranged in an
hexagonal array. Each station consists of two tanks filled with bubble-free ice and each tank
contains two sensors. This surface array was designed to detect air showers of secondary
particles produced by cosmic rays in the range 300 TeV to 2 PeV interacting with nuclei in
the atmosphere [120, 121].
The IceCube array consists of 5160 light sensors buried in the Antarctic ice at depths
between 1450 m and 2450 m [12]. These sensors are distributed among 86 strings also
arranged in an hexagonal geometry. The distance between strings is 125 m and the distance
between the light sensors in each string is 17 m. While construction data was taken for
partially completed string configurations. The season from May 20-2009 to May 31-2010 is
referred as IC59, the season from May 31-2010 to May 12-2011 is referred as IC79 and the
season from May 12-2011 to May 15-2012 correspond to data taken with the completed
detector referred as IC86-I. The reconstruction of the direction and energy of events in the
IceCube array relies on the detection of Cherenkov radiation (described in section 4.2.3)
at the light sensors and is presented in section 5.2. Finally the Deep Core array consists
of 480 DOMs distributed over 8 strings. The smallest spacing between DOMs is 7 m and
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Figure 5.1: The IceCube Neutrino Observatory: The IceTop array is located at the surface
while the IceCube and DeepCore arrays are buried in the Antarctic ice.
Figure 5.2: Components of the the digital optical module (DOM)
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Figure 5.3: Sketch of a photo-multiplier tube (PMT). Taken from [122]
the smallest spacing between strings is 70 m. The DeepCore array have smaller spacing
between light sensors than the IceCube array both in string to string distance and distance
between light sensors in a single string. The denser instrumentation in the DeepCore array
allows to detect light produced in low energy events becoming sensitive to neutrinos of
energies down to around 10 GeV [123].
5.1.1 The Digital Optical Module
The fundamental component of the IceCube array is the Digital Optical Module (DOM)
shown schematically in Figure 5.2. Each DOM contains a 25 cm diameter Hamamatsu
R7081-02 photo-multiplier (PMT) sensitive to light in the wavelength range of 300 nm to
650 nm [124, 125].
An sketch of a PMT is shown in Figure 5.3. When an incident photon hits the photo-
cathode an electron is produced via the photo-electric effect. The generated electron, also
referred as photo-electron, is then accelerated by a focusing electrode towards a dynode
where secondary electrons are produced. A series of 10 dynodes, for the case of the R7081-
02 PMT, multiply the number of electrons via secondary electron emissions in each one
of them. In this process a single incident photon leads to the generation of around 107
electrons that are finally collected in the PMT anode [122]. The PMT is enclosed in a 33 cm
diameter glass housing resistant to the ice pressure of around 400 atm and it is surrounded
by a metal grid that provides a shield for the earth magnetic field which improves the
electron collection performance [126].
Each DOM includes a 2 kV high voltage power supply and a main board with the
necessary electronics to readout and digitize the PMT signal. The analog signal output is a
time-dependent voltage measured between the anode and the cathode, which is proportional
to the collected charge, and is referred as a waveform. The analog signal is digitized if it
crosses an integrated charge threshold corresponding to 0.25 times the charge generated by
a single photo-electron (SPE). The digitization consists on the generation of series of data
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Figure 5.4: Absorption (right) and scattering (left) coefficients in the antartic ice for a
wavelength of 400 nm as function of the ice depth. Two studies were developed to model
the properties of the light propagation in the ice: The AHA model is described in Ref. [109]
and the Spice-MIE model is described in Ref. [127]. Plot taken from [127].
blocks with a time-stamp and a voltage measurement obtained by the use of two Analog
Transient Waveform Digitizers (ATWD) and a Flash Analog to Digital Converter (FADC)
[125]. The ATWDs have three channels with different gains each one recording the first
420 ns of a waveform in 128 data blocks of 3.3 ns duration. The FADC allows to record
longer waveforms up to 6.4µs with a 256 coarser data blocks of 25 ns duration.
The PMT is attached to the glass sphere using a room temperature vulcanization silicone
(RTV) gel that serves also as an optical coupling to maximize photon transmission from
the ice to the photo-cathode. Finally each DOM contains a flasher board with 12 LED
pointing to different angles in a plane perpendicular to the IceCube array strings. The
LEDs generate light that is used for calibration and studies of the ice optical properties as
described next.
5.1.2 Optical Properties of the Antartic Ice
Since the reconstruction of events in the IceCube array depends on light detection the
characteristics of the light propagation in the antartic ice are of major importance. The ice
is the most transparent solid to photons in the range ∼ 200 to ∼ 400 nm [109]. However
the presence of air bubbles and dust in the antartic ice affect the light propagation which
is measured in terms of absorption and scattering properties.
Two methods were used to measure the light propagation properties of the antartic ice
via the generation of artificial light sources and subsequent light detection at the DOMs.
The first one was a dust logger device used during the deployment of the IceCube array
DOMs and the second one is the flasher functionality of the deployed DOMs [127]. Figure
5.4 shows the measured absorption and scattering coefficients (a and bε) at the ice as
function of the ice depth for a 10 m binning and a wavelength of 400 nm. The inverse of
these coefficients determines the average distance a photon travel before being absorbed
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(〈1/a〉 ≈ 110m) and the average distance between consecutive scatterings (〈1/bε〉 ≈ 20m).
A layered structure is observed in the measurement of the absorption and scattering
coefficients. This structure corresponds to concentrations of dust that were produced by
volcanic activity at the earth with subsequent accumulation of snow that compacts with
time to form the antartic ice.
5.1.3 Data Acquisition and Triggering
Several processes generate noise hits at the PMT such as radioactive decays in the glass
housing and thermal background of the photo-cathode that generate electrons which are
further accelerated and multiplied. As a first step to reduce the number of DOMs with
noise hits a digitized waveform in a given DOM is recorded and transmitted to the IceCube
Control Lab (ICL) at the surface, only if a photon hit is recorded in the two neighbor
DOMs, or next-to-nearest neighbor DOM, in the same string within a time window of ±1
µs. This condition indicates that the waveform in a given DOM is product of external
photons instead of noise hits of individual DOMs and is named Hard Local Coincidence or
HLC.
The digitized and time-stamped waveforms at the DOMs are combined by requiring
further trigger conditions. For the case of muon tracks, of interest for the current thesis, a
Simple Majority Trigger or SMT is used. This trigger considers the waveforms of at least
8 DOMs with time-stamps within a time window of 5 µs. The waveforms within a time
window of ±10 µs around the trigger time are recorded and combined to form an event.
In general several photons could arrive to a given PMT within the ±10 µs time window
being recorded. If two photons arrive close in time the individual contributions overlap.
An unfolding algorithm extracts from the digitized waveforms individual arrival times and
collected charge using a template for a single-photo electron (SPE) response function. In
this step the information from the ATWDs and FADC outputs is combined and possible
differences in waveforms baselines are taken into account [128]. A series of several photo-
electron response functions within a waveform is known as Multiple-Photo-Electron pulse
(MPE).
After trigger conditions are full-filled several filters select events depending on the anal-
ysis being performed. The Muon filter for example (see section 5.3) selects track-like events
based on several quantities such as a measurement of the direction reconstruction quality
and energy-related quantities such as the total collected charge at the DOMs forming an
events. The direction and energy reconstructions methods are described next.
5.2 Event Reconstruction
In an array of light sensors, such as the IceCube array, there are several characteristic
Cherenkov light emission signatures; two of which are shown in Figure 5.5. In the case of a
electron or tau neutrino interacting in the detector via CC interactions (see section 4.2) an





spherical Cherenkov frontCherenkov cone
Figure 5.5: The two main event signatures in the IceCube array. Left: muon tracks produced
by muon neutrinos. Right: Cascades produced by electron or tau neutrinos. Plot taken
from [129].
electromagnetic cascade started by the produced lepton induce a spherical Cherenkov light
pattern. On the other hand, for minimally ionizing muons (see section 4.2.2) produced either
in a muon neutrino interaction or in the atmosphere, the light emission forms a Cherenkov
cone that is detected as a track-like pattern. Muon track events are of particular interest
for point source searches due to their sub-degree angular resolution at high energies (see
section 5). The photon arrival time information and the collected charge at the involved
DOMs in a event is used to reconstruct direction and energy-related variables as briefly
described in next section. More detailed information on these reconstructions is found in
Ref. [129]). Aspects taken into account in some of reconstructions include:
• Remaining noise hits. Before applying reconstruction algorithms to the data, DOMs
known to have issues are marked and ignored. These issues include failed communi-
cation and high noise rates compared to other DOMs.
• Computational resources. Sophisticated reconstruction algorithms require certain pro-
cessing time. Running these algorithms on all the events of the SMT, in the order
of several thousands of events per second, is prohibitive due to the available compu-
tational resources at the South-Pole. The direction and energy reconstructions are
performed in a iterative way starting from fast but simple algorithms. Quality criteria
are used to select events on which more computational intensive reconstructions are
applied.
• The characteristics of the ice optical properties affecting the light absorption and
scattering.
• Coincident events. Two (or more) cosmic rays primaries can interact in the atmo-
sphere and produce secondary muons from different directions in the same event
within the ±10 µs time window of the SMT.
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Figure 5.6: First three steps in the pipeline of a track direction reconstruction.
• Additional Cherenkov light induced by electro-magnetic cascades. These cascades are
started by muon stochastic energy losses which dominates at muon energies around
and above ∼ 1 TeV (see section 4.2.2).
5.2.1 Direction Reconstruction
Figure 5.6 shows an sketch of the first steps taken in the direction reconstruction of muon
tracks in the IceCube array. The position of a DOM i in a given coordinate system is
~ri = (xi, yi, zi). After noise hits are removed a total of NHit DOMs (black dots in Figure
5.6) are taken into account in the reconstruction algorithms. The simplest approach to
obtain a first guess direction reconstruction is known as Line-Fit. This reconstruction
ignores the Cherenkov nature of the light emission and the optical properties of the ice.
It provides a fast way to estimate the direction of a muon track which is taken a seed for
more sophisticated direction reconstruction algorithms such as the Single-Photo-Electron
reconstruction (SPE) described later.
5.2.1.1 First Guess Direction Reconstruction
In the Line-Fit approach the muon track is taken as an infinite line. A point in this track
with position ~r0 = (x0, y0, z0) emits light at a time t0. The light travels in a straight line
and is detected at a given DOM i at a time ti. The arrival time ti is taken as the first SPE
hit extracted from the digitized waveform (see section 5.1.3). The position of the DOM ~ri
can be written as:
~ri = ~r0 + ~v(ti − t0), (5.1)





|~ri − ~r0 − ~v(ti − t0)|2. (5.2)
The advantage of this approach is that the χ2 minimization have analytical solutions for
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Figure 5.7: Geometric parameters for the propagation of a Cherenkov light cone induced
by a muon with momentum p and energy E0.
~r0 and ~v reducing the calculation time with respect to more sophisticated reconstructions.
The value of |~v| can be used as a cut parameter to distinguish track and cascade events.
The median angular resolution of this reconstruction is in the order of 5◦ depending on the
muon energy [129].
5.2.1.2 Maximum Likelihood Reconstructions
Direction reconstructions that lead to sub-degree median angular resolutions are obtained
by including more information in the reconstruction algorithm such as the nature of the
light propagation, i.e the Cherenkov cone, and the effects of light absorption and scattering
in the ice. Scattering effects are included by defining a time residual time as:
tres = thit − tgeo, (5.3)
where tgeo is the time an unscattered photon, propagating in a plane wave in the direction
given by the Cherenkov cone, would take to travel from a certain point along the muon
track ~r0 to a given DOM located at ~ri (see Figure 5.7). The time thit is the measured
arrival time at the same DOM.
In the Single-Photo-Electron reconstruction (SPE) the time tres, as in the case of the
Line-Fit reconstruction, is taken as the first SPE hit in time extracted from the digitized
and unfolded waveform. The first hit is assumed to be created by the less scattered photon.





p1 (tres,i|~a) , (5.4)
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where ~a represents the free parameters of the track to be determined by maximizing LSPE
i.e the coordinates ~r0 of the vertex position at a given time t0 and a direction given by a
zenith (θ0) and an azimuth (φ0) angle. The function p (tres,i|~a) is the probability density
function (PDF) of measuring a time residual tres,i given a track hypothesis ~a. This PDF is





where η = d/λ with d the perpendicular distance from the track to a DOM i (see Figure








where λa is the absorption length, cice is the speed of light in the ice and τ is a characteristic
time parameter determined from photon propagation simulations.
The Multi-Photo-Electron reconstruction (MPE) takes into account the presence of Ni





where the p.d.f p(tres,i, Ni|~a) is given by:






For the maximization of the likelihood function in Eq. 5.7 the SPE reconstruction is taken
as a seed. The track parameters in the SPE and MPE approaches are estimated by finding
the global minimum of the negative log-likelihood −log(L). The likelihood space defined
in this way have several local minimum. In order to find the global minimum a pre-defined
number of iterations for SPE and MPE minimizations are performed. The seed of each new
iteration is the output of the previous iteration.
5.2.1.3 Rejection of atmospheric muon events
The dominant background in point source searches is composed of atmospheric muons (see
section 4.3) generated in the southern hemisphere and reconstructed as down-going events
i.e reconstructed with a Zenith angle θ < 90◦. A Bayesian approach is implemented to
reduce some of this down-going tracks by defining the probability of observing the set of
parameter of a muon track ~a given the set of hits x, using the Bayes theorem:
P (~a|~x) = P (~x|~a)P (~a)
P (~x)
, (5.9)
50 CHAPTER 5. RECONSTRUCTION AND SELECTION OF EVENTS IN THE ICECUBE DETECTOR
Figure 5.8: Example of two coincident down-going events (green-dashed lines) being re-
constructed as an up-going event (red solid line).
where P (~x|~a) is given by the PDF in Eq. 5.5 and P (~a) is a prior probability taken as
the normalized known zenith distribution of atmospheric muons [129]. A likelihood LBayes
defined in this way describe the probability of an observed muon track being of atmospheric
origin i.e generated in cosmic-ray showers.
Figure 5.8 shows an example of a coincident event in which two atmospheric muon
tracks arrive within the a trigger time window defining an event. Within the category of
coincident events also a neutrino-induced muon track and an atmospheric muon track could
arrive within the same trigger window. If the track at the bottom arrives slightly earlier than
the one at the top this set of hits is reconstructed as a up-going track (θ > 90◦). These
mis-reconstructed events are rejected as up-going events by applying dedicated selection
algorithms that split the set of DOM hits in two individual sets based on geometric and
time conditions in order to reconstruct the track of each set of hit DOMs individually with
the SPE and MPE approaches.
5.2.1.4 Uncertainty of the Direction Reconstruction
A semi-analytic method to estimate an angular uncertainty in the reconstructed direc-
tions based on the likelihood approaches described above (SPE and MPE) is described
in Ref. [131]. The estimation of the angular uncertainty is extracted from the shape of
− log(LSPE/MPE) (Eq. 5.4 or Eq. 5.7) around its minimum. A narrow minimum indicates
less uncertainty in the direction reconstruction than a broader one. The angular uncertainty
for a event i with reconstructed direction (θi, φi) calculated with this method is referred as
the Paraboloid Sigma Error σi.
It is worth to note that the estimate of the angular uncertainty, σi, depends on the
energy of the event [132, 24]. This is because at high energies (& 1 TeV) the direction
reconstruction can be confused by the presence stochastic energy losses along the muon
track which are not described in the likelihood function. This results in a underestimation of
the angular uncertainty on the reconstructed direction of the track which is corrected based
the real and estimated angular reconstruction calculated from Monte Carlo simulations.
The average angular resolution and pointing capabilities of the direction reconstruction
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Figure 5.9: Distribution of the muon energy estimator versus the true neutrino energy
simulated for a flux dN/dE ∝ E−2.
was obtained by the study of the so called ”moon shadow”: a deficit of muon track events
around the the moon location. These studies confirm an absolute pointing of 0.7◦ in good
agreement with the angular resolution calculated from simulations [11, 132]. The angular
resolution obtained in the final event samples used in this thesis are shown in Figure 5.12.
5.2.2 Energy reconstruction
In contrast to cascade events interacting in the IceCube array (see Figure 5.5) muon track
events as considered in the current thesis can interact outside the instrumented array and
therefore the deposited energy within the detector is a fraction of the total energy. As
mentioned in section 4.2.2 the muon energy loss scales with the muon energy at energies
above ∼ 1 TeV and therefore energy loss measurements provide an estimate of the total
muon energy.
There are several methods developed in the IceCube Collaboration that provide energy
estimators based on energy loss measurements. One of such method is described in Ref.
[133] and referred as the MuE energy estimator. This method calculates the number of
photons a muon with energy E0 would emit via Monte Carlo simulations that take into
account the ice optical properties to propagate the emitted photons until its detection at
the DOMs. The measured photon density (photons per unit of distance) is shown to have
a linear relation with the muon energy E0 above 1 TeV and serves as an energy estimator.
Figure 5.9 shows the distribution of the energy estimator versus the true neutrino energy
for a simulated energy spectrum dN/dE ∝ E−2. The energy resolution of this estimator
is 30% in log10(E/GeV).
Simpler approaches give energy-related estimates which are used as background rejection
variables in early stages of the event selections, described in the next section, where fast
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computation is needed. Some of these variables are the number of DOMs with hits in a
given event and the total sum of collected charges in each DOM.
5.3 Event Selection
The SMT trigger described in section 5.1.3 selects around 2000 events per second for
the 2011-2012 season which translates to about 1 TB of data produced per day. Since
the satellite bandwidth allows about 100 GB of data transfer per day, an additional event
selection known as the Online Muon Filter is performed in order to reduce the amount of
events to be transferred via Satellite to the computer center at the North. After the data
is transferred and stored additional Offline processing of the data takes place where more
time-consuming reconstructions and high level event selections are performed. The main
quantities considered in these event selection stages are:
1. Nch: The number DOMs (channels) considered in an event. It correlates with
the neutrino-energy as high-energy neutrinos emit more light and more DOMs are
activated.
2. Qtot: With the same argument than Nch the charge collected in the PMT correlates
with the neutrino energy. The variable Qtot is the sum of the charges in the DOMs
composing an event.
3. rlogl and plogl: A measure of the quality of the fit defined as−LSPE/MPE/(Nch−x)
where x = 5 for rlogl and x = 2 for plogl. Named the reduced log-likelihood it is
analogous to the ratio χ2/n.o.f in a χ2 fit. Low values of these variables indicate a
good quality fit.
4. log(LSPE/MPE/LBayes): Bayesian Likelihood ratio. It is used to reduce the number
of track events likely to be produced by atmospheric muons (see section 5.2.1.3).
5. NDir and LDir: Number and length of Direct Pulses. A given photon hit is regarded
as direct (less scattered) if the residual time tres (see Eq. 5.3) is in the range [−15 ns :
75 ns]. The variable NDir is the number DOM with hits that satisfy this condition.
The variable LDir is the maximum distance between two DOMs with direct hits
which is a measure of the track length. Large values of these two variables indicate
good quality muon tracks.
6. Lempty: It is defined as the maximum distance along the reconstructed track where
DOMs in a cylinder of radius 150 m have no photon hits. Large values of this variable
are an indication of coincident events.
7. σ: The estimate of the reconstruction error described in section 5.2.1.4. Small
values of this parameter indicate better-quality muon tracks as the uncertainty in the
reconstructed direction is small.
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8. vLine-Fit: The velocity parameter extracted from the Line-Fit reconstruction (see sec-
tion 5.2.1.1).
9. MuE: the energy estimator described in the last section.
First Level Event Selection
The first stage in the event selection chain is performed directly at the computer center at
the South Pole via the Online Muon Filter. Events in this stage are reconstructed using
4 iteration steps for the SPE reconstruction and the result is used as a seed for the MPE
reconstruction. The Online Muon Filter select track-like events based on quality parameters
of direction reconstruction (plogl) for up-going tracks and energy-related quantities (Nch
and Qtot) for down going tracks. The energy-related variables are used only on doing-going
events in order to reduce in this first step the number of low energy atmospheric muons
which is dominant in this region of the sky. With this selection the data rate is reduced to
about 30 events per second [134].
Second Level Event selection
The second step in the event selection further reduce the number of up-going events by
introducing a selection criteria in the form of cuts on event variables such as Lempty, plogl
and a variable named the Direct Ellipse cut defined as (LDir/60)2 + (NDir/15)2. At
this stage 32 iterations are used for SPE reconstruction and as in the previous stage the
output of this reconstruction is used as a seed for the MPE reconstructions as well as for
the MuE energy estimator and for the Bayesian reconstruction. In a following step the
time-consuming splitting procedure to reconstruct coincident events (see section 5.2.1.3) is
performed and the selection criteria with the variables described above is applied for each
individually reconstructed event.
With this selection the data rate is reduced to about 1 event/second with a signal
efficiency (fraction of signal events kept after the selection) of 86% estimated from Monte
Carlo simulations of signal events [134]. For down-going events zenith-dependent energy
cuts are applied in order to further reduce the number of atmospheric muon events that
passed the Online Muon Filter [134].
Final Level Event Selection
Season 2009-2010 (IC59)
The event selection for this season is described in detail in Ref. [135]. The final event
selection for up-going events for this season makes use of a Boosted Decision Tree (BDT).
A BDT is a machine learning algorithm designed to take into account several variables to
calculate a single quantity (score) used to separate two population of events with different
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Figure 5.10: Boosted decision tree score (bdthigh) for the 2009-2010 data sample. Both
Monte Carlo simulation and data distributions are shown. The final event selection corre-
spond to the events with bdthigh > 1.4. Taken from Ref. [135].
characteristics. For the case event selection described here the two populations correspond
to background (atmospheric muons and neutrinos) and signal events (astrophysical neutri-
nos). Higher values of the BDT score indicate that a given event is more “signal-like”.
The variables taken into account in this selection include all the variables listed at the
beginning of this section with the exception of Lempty and Qtot resulting in the BDT score
distribution shown in Figure 5.10. The total number of selected events for this selection
and is shown in Table 5.1.
For the down-going region instead of a BDT straight cuts are used. These cuts are
done in variables such as plogl, σ and a zenith-dependent energy cut used to reduce the
number of low energy atmospheric neutrinos which selects a constant number of events per
solid angle. In addition, the IceTop array is used as a veto since atmospheric muon events
with zenith angles close to 0◦ are likely to produce hits in the IceTop DOMs product of the
air shower in which they were created.
Season 2010-2011 (IC79)
For the event selection of the 2010-2011 season a similar approach to the 2009-2010
selection is performed. For the up-going region the data is divided into two different zenith
angle samples: horizontal events (between 85◦ − 130◦) and vertical events (130◦ − 180◦).
This regions are motivated by earlier observations of cut efficiencies being zenith dependent
[134]. For some variables tight cuts yield to a good signal efficiency for the horizontal
region while it decreases for the vertical region in particular considering soft energy spectra
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Atmos. µ : 7.88×10−3Hz
Atmos. νµ: 2.05×10−3Hz
Signal  E−2  (arb. norm.)
Data : 5.08×10−3Hz
Figure 5.11: Distribution of events in Cos(Zenith) for the 2010-2011 (IC79) event sample.
Taken from [14]
(the energy spectral index γ < 2) for the simulated signal.
For each zenith region a separate BDT was used including a total of 17 variables that
showed signal-background discrimination power and described in Ref. [134]. The final
BDT score is chosen according to the best sensitivity obtained (see section 6.2 for the
sensitivity definition). Figure 5.11 shows the zenith angle distribution for events in the
up-going region. A rate of 2 × 10−3 events per second is obtained with less than 3%
estimated atmospheric muon contamination [14]. An IceTop veto and a zenith-dependent
energy cut plus a dedicated BDT were used to select events in the down-going region. The
total number of selected events in both selections is shown in Table 5.1.
Season 2011-2012 (IC86-I)
Similar to the 2010-2011 season different BDTs are used for different zenith angle regions for
the 2011-2012 season. The main difference with respect to event selections in the previous
seasons come in the treatment of the down-going region. Eleven variables are used in
the BDT for the down-going region from which three exploit differences in the energy loss
profile of single muons and muon bundles (see section 4.3.1). Individual atmospheric muons
produced in a bundle have energies below the minimal ionization regime which translates
in a smooth energy loss and profile and light production rate along the track. On the other
hand, neutrino-induced muons above ∼ 1 TeV exhibit stochastic energy losses manifested
in electromagnetic cascades that emit light in narrow time windows. A likelihood ratio is
calculated to estimate the probability of an observed muon track to have energy loss pattern
compatible with stochastic energy loses and is included in the BDTin order to reduce the
muon bundle background. The total number of events selected is shown in Table 5.1.
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Figure 5.12 shows the median angular resolution for reconstructed neutrino-induced
muon tracks for the three data samples used: 2009-2010 (IC59), 2010-2011 (IC79) and
2011-2012 (IC86-I) as function of the neutrino energy. Each data taking season brought
improvements in the event selection and reconstruction algorithms resulting in a improve-
ment of the median angular resolution from season to season. Angular resolutions better









































Figure 5.12: Median angular resolution of down-going neutrino-induced muon events as
function of the incoming neutrino energy for the three data samples used in this thesis:






















348 120 43339 64230




316 180 50857 59009




333 210 69227 69095
Table 5.1: IceCube data-sets used in the astrophysical neutrino searches described in the
next chapters. The number of atmospheric neutrinos per day in the 6th column are calcu-
lated from Monte Carlo simulations [23].
Chapter 6
Analysis Methods for Point Source
Searches
As described in the previous chapter, the final event sample contains up-going track-like
events induced by atmospheric neutrinos arriving from the northern sky, a small fraction of
up-going tracks due to mis-reconstructed atmospheric muons from the southern sky, and a
sample of down-going tracks induced mostly by atmospheric muons.
At this point several analyses could be performed in order to test the hypothesis of
having a population of signal events, i.e astrophysical neutrinos produced by a point source,
within the selected event sample. This chapter describes the main statistical tool used in
such analyses, known as the the unbinned maximum likelihood method, in which energy,
direction and time information are used to discriminate signal from background. The search
methods developed in the current thesis are based on this statistical tool and are described
in the next chapter.
6.1 The Unbinned Maximum Likelihood Method
The unbinned maximum likelihood method tests the hypothesis of having a population of














where ns and γs are free parameters that represent the number of signal events and the
signal spectral index, assuming a power law energy spectrum, respectively. The best es-
timates of these two parameters, n̂s and γ̂s, are calculated from the likelihood fit to the
data. These are the values that give the maximum value L(n̂s, γ̂s). The product goes over
each event i of the selected data sample composed of N total events within a zenith band
around the candidate source position. Bi and Si are the signal and background probabil-
ity density functions PDFs. These PDFs integrated over the parameter space considered
(space, energy or time) give the probability of each event being either a background event
or a signal event and are described next.
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Zenith Angle (deg)

















































































Figure 6.1: Top: Space component of the Background Probability Density Function
BSpace(~xi). Six distinctive bands appear in the azimuth distribution due to filter condi-
tions (see text). Bottom: Energy component BEnergy(~xi, Ei). The energy distribution of
selected events depend on the reconstructed zenith angle. The probability density functions
shown here are built from data distributions of the 2010-2011 (IC79) IceCube data-set.
6.1.1 Background Probability Density Function




where ~xi = (θi, φi) and Ei are the reconstructed direction and energy of each event i. θi
and φi are the reconstructed zenith and azimuth angles respectively.
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Figure 6.2: Sketch of an space clustering of events around a candidate source with coordi-
nates ~xs in the Zenith-Azimuth plane. The vector ~xi = (θi, φi) and the parameter σi are
the direction and reconstruction error estimates for each event i of the data sample.
The first term BSpace(~xi) describes the distribution in space of the events in the data
sample. In the ideal case this PDF should be uniformly distributed since no spatial clustering
is expected in the background events. Figure 6.1 (Top), shows the normalized distribution of
the reconstructed arrival direction of the events in the 2010-2011 IceCube data-set (IC79).
There are six distinctive bands in the southern sky (θ < 90◦) which are generated by initial
filter conditions that select more efficiently muon tracks that pass close to strings aligned
with the six main axis of the detector geometry. By using the normalized distribution of
arrival directions as background PDF this bands are automatically taken into account.
The second term BEnergy(~xi, Ei) describes the distribution of the energy estimator Ei.
This distribution depends on the zenith angle as shown in Figure 6.1 (right). This de-
pendence comes from two effects: zenith-dependent energy cuts were applied in the data
selection in order to reduce the atmospheric muon background in the southern sky (see
chapter 5) and earth absorption effects, discussed in chapter 4, makes more likely that high
energy neutrinos in the PeV-EeV range interact close to the detector if they come from
the southern sky (Zenith angle< 90◦) while they are absorbed if they transverse the earth
(Zenith angle> 90◦).
6.1.2 Signal Probability Density Function
A point source of high energy astrophysical neutrinos is expected to manifest itself in the
data as a set of events clustered in space around the position of the candidate source ~xs.
The Signal PDF is defined as:
Si = S
Space(|~xi − ~xs|, σi)SEnergy(Ei, γs, ~xi), (6.3)
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log10(Energy Estimator)


















Figure 6.3: 1D projections of the energy Probability Density Function SEnergy(Ei, γs, ~xi)
for θi = 106
◦ and 2 values of the signal spectral index γs assuming a power law energy
spectrum (red histograms). As a comparison the normalized energy distribution of real data
is shown in blue. This corresponds to the projection of the background PDF BEnergy(~xi, Ei)
for θi = 106
◦ (see Figure 6.1).
where the first term is given by:








This term depends on the event direction reconstruction ~xi and on the event reconstruction
error σi. An illustration of a space clustering is presented in Figure 6.2. Depending on the
event direction and reconstruction error, events close to a candidate source have a higher
value of SSpace while events with reconstruction direction ~xi far away from the source
position ~xs have small values of S
Space. To reduce the calculation time of the likelihood
maximum only N events contained in a zenith band around the source position ~xs are used.
The size of this band is chosen to be larger than the events angular resolution typically of
a few degrees in zenith. For the analysis described in the next chapter a value of 10◦ was
chosen.
The second term of Eq. 6.3 SEnergy(Ei, γs, ~xi) describes the distribution of the energy
estimator for signal events. It is constructed from simulations of a population of neutrinos
interacting with the detector with a energy distribution following a power law of spectral
index γs. Due to the earth absorption (see section 4.2.1) this PDF depends also on the
direction reconstruction ~xi.
Figure 6.3 shows the background and signal energy PDFs for a particular direction in
the sky and different simulated spectral indexes. Events with a higher reconstructed energy
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have a higher probability of being of astrophysical origin depending on the spectral index
of the corresponding energy distribution.
In order to take into account the zenith and spectral index dependence of this PDF a
3D histogram is used in the likelihood maximization step. 2D projections of this histogram
are shown in Figure 6.4.
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Figure 6.4: 2D projections of the 3D signal energy PDF SEnergy(Ei, γs, ~xi). Top: Projection
of the Signal Energy PDF in the Zenith-Energy plane for γs = 2. Bottom: Projection of
the Signal Energy PDF in the γs-Energy plane.
62 CHAPTER 6. ANALYSIS METHODS FOR POINT SOURCE SEARCHES
λTest Statistic 






































Figure 6.5: Test statistic distributions for background-only and signal plus background
pseudo experiments.
6.2 Discovery Potential, Sensitivity and Upper Limits
The Test Statistic
The test statistic of the hypothesis test approach is defined as the likelihood ratio:






where n̂s and γ̂s maximize the likelihood in Eq. 6.1. Large values of λ indicate less
compatibility with the background-only hypothesis i.e L(ns = 0).
Several quantities helpful to evaluate the performance of the search method and the
significance of an observation (discovery potential, sensitivity and upper limits), are defined
on basis of the background-only and signal plus background test statistic distributions as
described below. Figure 6.5 shows the normalized distributions of test statistic values λ
calculated from Monte Carlo simulations both for background-only and background plus
signal simulations. Each entry in this distribution corresponds to a particular realization of
simulated data which generation, used in the search methods described in the next chapter,
is described next.
Generation of Pseudo-experiments
Simulated data realizations, or pseudo-experiments, are built by scrambling real data pa-
rameters such as the direction reconstruction, reconstruction error and energy estimator of
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each event in the data sample. In this way the set of real event parameters in the data are
kept blind while the performance of the method is evaluated.
The scrambling procedure starts with N events from real data i.e the total number
of events in a declination band of width 10◦ centered in the source position ~xs. For
each background-only pseudo-experiment the total number of events on it is drawn from a
Poisson distribution with mean N . The parameters of each pseudo-event are drawn from
histograms built from data. The procedure follows the next sequence:
1. A zenith angle value is drawn from the real data zenith distribution i.e the projection
in the x axis of the Zenith-Azimuth 2D histogram shown in Figure 6.1.top.
2. Given the chosen zenith angle an azimuth angle value is drawn from the projection on
the y axis of the same 2D histogram. This is done to take into account the asymetry
in the Azimuth distribution that depends on the Zenith angle as shown in Figure 6.1
Top.
3. Given the chosen zenith angle a energy estimator value is drawn from the projection
on the y axis of the Zenith-Energy 2D histogram (Figure 6.1 Bottom).
4. Given the chosen value of the energy estimator, a value for the uncertainty of the
direction reconstruction is drawn from a 2D histogram built with these two param-
eters. This step is performed to take into account the dependence of the angular
uncertainty estimator on the energy of a given event as described in section 5.2.1.4.
5. A time value is drawn from the time distribution of real events in order to take into
account the dead time of the detector not to simulate events during this time.
The scrambling procedure hides the presence of a possible population of events with the
parameters of a signal population i.e a population of muon track events clustered around
a particular direction in the sky and with high values of reconstructed energy. Scrambled
data is then treated as background-only pseudo-experiments.
Signal plus background pseudo-experiments are generated by injecting signal-like events
on top of the background-only pseudo-experiment. Signal-like events are injected as a set
of events clustered in space around a given direction in the sky ~xs. The signal events are
injected following a power law energy distribution with a given spectral index taking as
a benchmark γs = 2. For each scrambled map the number of signal events injected is
drawn from a Poisson distribution with mean n. The resulting test statistic distributions
are shifted to higher values and its mean increases with the number of injected signal events
n as shown in Figure 6.5.
Definition of Performance Parameters
Several quantities of interest to evaluate the performance of the search method are defined
in terms on a reference value of the test statistic λref:
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• p-value: This is a parameter used as a measure of the compatibility of the data sample
with the background-only hypothesis. It is defined as the fraction of background-only
pseudo-experiments with a corresponding test statistic larger or equal to the reference
level λref i.e the tail probability of the background distribution shown in Figure 6.5.
Small values of this parameter indicates less compatibility with the background-only
hypothesis.
It is common practice in particle physics to cite the p-value of an observation in terms
of a number of standard deviations σ. This correspond to the a measure of how far
the observation is from the bulk of the expected background distribution assuming




2× erf−1(1− 2× p-value), (6.6)
where erf−1 is the inverse of the error function. The smaller the p-value the larger
the significance of the observation. Figure 6.5 shows the values of λref that result in
a p-value corresponding to 3 and 5σ deviations. A 5σ deviation indicate a discovery
in the convention usually adopted in particle physics.
• Discovery potential : The discovery potential is defined as the number of signal events
µd required to obtain a p-value less than 2.87× 10−7 (5σ significance) in 50% of the
pseudo-experiments. The reference test statistic λref is given by the median of the
signal+background test statistic distribution obtained for the parameter µd.
• Upper limit (at 90% confidence level): Given the value obtained in real data (λref =
λData) the p-value of the observation is defined as the fraction of pseudo-experiments
with λ ≥ λData. The upper limit is defined as the number of signal events µ90 required
to obtain this p-value in 90% of the pseudo-experiments.
• Sensitivity : The sensitivity is defined here as the average upper limit obtained under
the null hypothesis. In this case the reference test statistic λref is given by the median
of the background-only test statistic distribution. The event sensitivity is defined as
number of signal events µ̄90 required to obtain a p-value less than 0.5 in 90% of the
pseudo-experiments.
The discovery potential, sensitivity and upper limits can also be expressed in terms of a flux





where Φ0 is the amplitude constant of a reference flux (for example dN/dE = Φ0E
−2) and
N(Φ0) is the number of signal events that would be observed in the detector for the flux
Φ0 and is calculated from Monte Carlo simulations.
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6.2.1 Trial Factor
When performing a statistical test in search for a signal, one has to take into account
that the probability of observing a positive result due to background fluctuations increases
if several independent statistical tests (trials) are performed. This is known as the look-
elsewhere effect [138] and it is quantified by the use of the so called trial factor. This factor
relates the p-value of a single trial, Ppre-trial, with the p-value corrected for performing several
trials Ppost-trial:
Ppost-trial = T × Ppre-trial. (6.8)






For Ppre-trial  1 → T ≈ NT . The post-trial p-value increases, and the significance
decreases, with increasing number of trials NT . If the trials are not independent, as in the
case of overlapping regions in the sky being scanned, simulations are needed to estimate the
trial corrected p-value Ppost-trial. For the searches developed in this thesis this is calculated
via pseudo-experiments. A set of pseudo-experiments is generated for each source in the
selected list of sources to be tested and a distribution is built with the maximum test
statistic λ obtained in each pseudo-experiment. The trial-corrected p-value is then the tail
probability of this distribution given the observed value of the test statistic λData.
6.3 Time-Integrated Point Source Searches
Several analysis of IceCube data have used the unbinned likelihood method to search for
point sources using muon tracks. A time-integrated analysis looks for an excess of events
using only energy and space information as described in section 6.1. There are several ways
to perform such searches that include:
1. Selected candidates search: only selected positions ~xs in the sky corresponding to
promising neutrino sources are chosen. The test statistic is calculated for each one
of these sources.
2. Stacking analysis: Several promising sources of a particular category (AGN, Starbust
galaxies, molecular clouds...etc) are considered together in the same statistical test.
In this way the individual contributions of each potential source are added up. This
analysis modifies the signal PDF described in Eq. 6.3 in order to take into account
several sources in the likelihood test (see section 7.3 for an example).
3. All Sky search: A test statistic is calculated for each bin of a predefined grid covering
the sky. In this case the center of each bin defines the source position ~xs of Eq. 6.4.
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The large number of trials performed in the All sky search (one for each bin in the
grid) implies a larger trial factor than the Selected sources search.
Time integrated analyses based on the muon track event selection described in chapter 5
have not found a significant excess of signal events i.e the observations are compatible with
the background-only hypothesis [139, 24]. As described in the next section time-dependent
analysis make use of the additional discrimination power between signal and background
events obtained by including timing information in the likelihood test.
6.4 Time-Dependent Point Source Searches
Several time-dependent search methods have been developed in order to take into account
the possible time variability of the neutrino sources described in section 3.3. While some
of these methods are briefly described in this section, the search methods developed in the
current thesis explore complementary scenarios of time-dependent neutrino emission and
are described in the following chapter.
In a time-dependent search a new likelihood function of the form Eq. 6.1 is defined by
including additional PDFs, which depend on the arrival time of the muon-track events ti,
as multiplicative factors in the signal and background PDFs described in sections 6.1.1 and











The background time PDF BTimei (ti, ~xi) is built from data. Figure 6.6 shows the uptime
corrected event rate 1 as function of time for the 2009-2010 IceCube data set for the up-
going events (Northern Sky) and the down-going events (Southern sky). Changes in the
temperature of the atmosphere produces changes in the event rate (see section 4.3). These
changes are small for the northern sky dominated by atmospheric neutrinos (∼ 2%), and
the event rate is well fit with a constant function F (ti, θi > 90
◦) = C. The southern sky
is dominated by atmospheric muons and the event rate is well fit with a sinusoidal function
F (ti, θi < 90
◦) = a sin(bti + c) + d with a, b, c, d being the free parameters in the fit. The




F (ti, θi), (6.12)
where ∆TData is the uptime of the data period considered.
Each time-dependent method briefly described in the next sections defines a particular
signal time PDF STimei (ti). These signal PDFs characterize the temporal behavior of the
1The data quality selection and the dead time of the detector produces time gaps in the data. The
average uptime of the three data sets used in this thesis is 92%.
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Figure 6.6: Distribution of the arrival time of the events for the 2009-2010 IceCube data
set (IC59) in the northern sky (top) and in the southern sky (bottom). For the events in
the northern sky a constant fit is used to define the time PDF while a sinusoidal fit is used
in the events from the southern sky.
potential neutrino source in order to investigate several possible scenarios in the time do-
main. Two additional time-dependent methods were developed in the current thesis and
are described in the next chapter.
Single Flare Search
Single flare searches aim to find the most significant set of events clustered in time at any
point in the sky. The time signal PDF STimei (ti) is defined either as a box function with
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variable width [24] or as a Gaussian function with its centroid and width taken as free
parameters in the likelihood maximization [140].
The method is sensitive to a wide region of flare durations (from seconds to several
weeks) which do not have necessarily an electromagnetic counterpart hence are also referred
as un-triggered searches. In principle short bursts with durations of about 10s may be
discovered at a 5σ level with approximately 2 events [22, 23]. A search of this kind described
in reference [24], looked for neutrino flares in the direction of selected source candidates
whereas the search in references [140, 23] is an All-sky search.
Triggered Searches
The signal hypothesis in this kind of searches assumes a one to one correlation of the arrival
times of an astrophysical messenger and the possibly associated high energy neutrino flux.
For example, measurements in GeV or TeV gamma-rays could indicate a flaring episode
and a functional form for the time PDF STimei (ti) could be defined with this information.
The searches in Refs. [22, 141, 23] use experimental light curves obtained in the
GeV band with the Fermi-Large-Area-Telecope to define the signal time PDF and test
the hypothesis of a high energy neutrino flux emitted in coincidence with the observed
gamma-ray flares.
Neutrino Follow-Up Programs
The two methods described so far are performed in “offline-mode”. In this mode, due
to several factors, the statistical test is performed up to several months after the data is
acquired. This factors include availability of good quality trigger data and time-consuming
procedures in the analysis such as sophisticated direction and energy reconstructions, selec-
tion of well reconstructed events, additional background reduction and the implementation
of the statistical test itself.
Assuming that the high energy neutrinos are emitted in coincidence with photons at
different wavelengths (either TeV gamma-rays, X-rays or optical) real-time analysis are
needed in order to perform simultaneous measurements of these messengers. Dedicated
event selection and statistical analyses have been implemented in recent years to take into
account the timing properties of muon track events in real time to select promising time
windows for neutrino emission. Given pre-defined significance thresholds of these time
windows, alerts are sent from IceCube to telescopes sensitive to several wavelengths in
order to trigger follow-up measurements in real time [142, 143].
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6.4.1 Fluence Definition
It is usual to express the sensitivity and upper limits of a time-dependent search in terms

























where Φ is the amplitude constant of the flux during the duration of emission ∆t = (see
Eq. 6.7). The duration of the emission ∆t depends on the time PDF considered in each
time-dependent analysis. As a convention within IceCube, the energy limits Emin and Emax
are taken as the 5% and 95% percentile of the energy distribution of simulated signal events
for a given declination band.
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Chapter 7
The Multi-Flare Analyses
In this chapter two new time-dependent search methods are described. The first approach
consists in a statistical test based on the unbinned maximum likelihood designed to look
for a set of high energy neutrino flares here after called the Multi-flare analysis. The second
approach (the Multi-flare stacking analysis) groups the selected sources in order to test the
hypothesis of a cumulative time-dependent signal built by their individual contributions. The
performance of these two methods is investigated for different simulated signal scenarios.
7.1 Rationale of the Method
The Multi-flare analysis is a search method complementary to the time-dependent methods
described in section 6.4. Single-flare searches, for example, select only the most significant
time window from a list of tested sources or from each bin in the sky. The information
of other time windows is lost. As described in the next section, the Multi-flare method
takes into account these other time windows in a single statistical test making the analysis
sensitive not only to a single, and strong, flaring episode but to several ones, possibly weaker
by their own, distributed in different ways in the time domain over the data taking period
considered.
In triggered searches, on the other hand, a certain degree of model dependence arises
which limits the parameter space being investigated. For example, in the case of the tri-
ggered search based on GeV light curves, it is assumed that all the photon flares observed are
hadronic in nature and therefore high energy neutrinos are being emitted in time coincidence
with these time windows [23]. This may not be always the case since some of the observed
gamma-ray flaring episodes might have pure leptonic origin [90, 9, 145]. One example of this
behavior is observed in the photon emission of the galactic black hole candidate 4U 1630-47.
While a first X-ray observation is consistent with standard emission of the accretion disk
a second observation performed two weeks later can be interpreted as hadronic in nature
[146]. As described in section 3.3, even in the context hadronic models, neutrino flares
might not have photon counterparts in the GeV-TeV range.
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The Multi-flare method, described next, does not consider a-priori time coincidences
with flares being observed at different wavelengths. Instead, it identifies from the data
sample an overall significant deviation from the observed background by selecting promising
time windows for high energy neutrino emission. This method allows large time delays
between neutrino and photon flares, different flare durations for these two messengers,
and neutrino flares without a photon counterparts as considered in some emission models
[26, 27].
7.2 Search Algorithm for a Single Source
A graphical description of the steps taken in the Multi-flare analysis is presented in Figure
7.1. The first step consists in the construction of several time intervals with duration:
∆tj = t
max
j − tminj , (7.1)
where tminj and t
max
j are defined by the arrival times of two consecutive “Signal-like” events
(a doublet). “Signal-like” events are defined as those events with Si/Bi > 1, where Si and
Bi are the signal and background PDFs that include only space and energy information as
described in sections 6.1.1 and 6.1.2. The ratio Si/Bi is a measure of how close an event
i is to the source position ~xs together with a measure of its energy. For the calculation
of this ratio a spectral index of γs = 2 is assumed for the signal energy PDF. This is the
seed of the likelihood fit in which the spectral index is a free parameter allowed to vary in
the range 1 − 4. As a cross check different values of this seed (γs = 1.5, 3) were tested
showing a negligible impact (< 1%) in the best fit of the number of signal events and the
signal spectral index (n̂s, γ̂s) for the simulated signal scenarios described in section 7.4.
Only N events within a declination band of size δs ± 5◦ around the candidate source
declination δs (see section 6.1.2) and within a search time window of duration ∆TData = 80
days, centered in the time Tm, are considered. The choice of the values for ∆TData and Tm
is discussed in section 7.5.
In the second step the background and signal time PDFs are defined and a test statistic
is calculated for each time window. The background time PDF is given by Eq. 6.12 and
the signal time PDF is defined as a box function:
STime(ti,∆tj) =
H(tmaxj − ti)H(ti − tminj )
∆tj
, (7.2)
where ti is the arrival time of the event i and H is the Heaviside step function. With this
definition events falling inside the time window ∆tj contribute to the signal time PDF with
a factor 1/∆tj whereas events falling outside this time window do not contribute.
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Figure 7.1: Steps in the Multi-flare analysis for an example of three signal time windows. 1.
(Top) Consecutive signal-like events Si/Bi > 1 define time windows (doublets) of duration
∆tj and a signal PDF 1/∆tj 2. (Bottom) A test statistic TSj is calculated for each time
window and its value is used to create an ordered list of index m. 3. A global test statistic
T̃S(m) is calculated starting with the most significant time window m = 1 and following
with the other time windows in the ordered list. 4. The maximum of T̃S(m) is obtained
for m = Mopt time windows (in this example Mopt = 3). When the selected time windows
are ordered in time, the total elapsed flaring time time ∆T (Mopt) is defined as the time
interval between the start of the first selected time window and the end of the last selected
time window.
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The test statistic TSj is calculated for each time window j using in the likelihood
function (Eq. 6.1) the background and signal PDFs including energy, space and time
information (see Eq. 6.10 and Eq. 6.11). The test statistic is then defined as:








This is the test statistic described in Eq. 6.5 including an additional term ∆TData/∆tj.
As shown in Refs. [140, 22], using a test statistic as defined in Eq. 6.5 will preferentially
find short time windows, making it less powerful for time windows of durations longer than
roughly one day. This is due to an effective trial factor, since many more short time windows
may be found during the considered data-taking period than longer flares. The solution of
this problem is to use the marginalization term ∆TData/∆tj in the test statistic definition.
This gives a more uniform exposure in order to be able to find flares with larger durations.
In this third step the test statistic values are sorted in an ordered list with index m starting
with the time widow j that gives the larger value of TSj (m = 1).
In the final step the algorithm selects from the ordered list a subset of Mopt time


















j=1wj × SSpace(~xs, ~xi)SEnergy(Ei, γs, ~xi)× STime(ti,∆tj)∑m
j=1wj
. (7.5)
The weights wj are taken as the individual values of the test statistic TSj (Eq. 7.3) and
m is the number of time windows considered. A global test statistic is then calculated as:






Starting from the time window that provided the largest value of TSj, i.e. m = 1 and
following with the next time windows in the ordered list, the final number of Mopt time
windows that constitute the potential Multi-flare signal is chosen according to the maximum
of T̃S(m) [25].
As a result of this analysis the following parameters are extracted from a given data set:
• Mopt: the number of selected signal-like time windows.
• n̂s: the best fit of number of signal events distributed over the selected time windows.
• γ̂s: the best fit of energy spectral index.
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• T̃ S(Mopt): the maximum value of the test statistic (Eq. 7.6).
• ∆T (Mopt): the total elapsed flaring time calculated for Mopt time windows defined
as the time between the start time of the first selected time window and the end time
of the last selected time window.
The overall significance of the Mopt selected time windows is estimated from simulated
signal and background pseudo-experiments as described in section 6.2.
7.3 Stacking of Multiple Sources
In a stacking approach several candidate sources are considered together in a single statis-
tical test. In this way, the individual contributions of each candidate source are added up
improving the discovery potential with respect to the single candidate search in the case of
having several weak sources. Potential neutrino sources are grouped in categories according
to their nature. As discussed in the next chapter in this thesis two categories are consid-
ered for AGNs: FSRQs and BL-Lacs (see chapter 3). The Multi-flare stacking approach
described here is the time-dependent counterpart of the stacking searches performed in
time-integrated analyses [13].
In a stacking analysis the signal term in the likelihood function (Eq. 7.4) is replaced by
the weighted sum of the contributions of each source k:
SStackingi =
∑Ns
k=1 Wk(γs, ~xk)× SGlobali,k (Mopt,k)∑Ns
k=1Wk(γs, ~xk)
, (7.7)
where Ns is the number of sources in the selected category. The weight Wk(γs, ~xk) corre-
spond to the number of events expected from a source at a given location in the sky ~xk
following an energy distribution with a given spectral index γs. These weights are drawn
from a 2D histogram calculated from Monte Carlo simulations. Figure 7.2 shows the dis-
tribution of these weights as function of the declination angle and the energy spectral
index.
The signal PDF of each individual contribution, SGlobali,k (Mopt,k), is given by Eq. 7.5 with
Mopt,k calculated by applying as a first step the Multi-flare method to each selected source
k (see Figure 7.3).
Similarly to the the Multi-flare analysis described in the previous section, the energy
spectral index (γs) and the total number of signal events (ns) are free parameters in the
likelihood maximization. In the stacking analysis, the spectral index is assumed to be the
same for all the k sources in a particular category. The parameter ns in this case accounts
for the sum of signal events produced in all the sources in a given category.
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Figure 7.3: Sketch of the Multi-flare stacking approach. The contribution of several k flaring
sources located at different positions in the sky is added up. Each source k contributes to
the stacking likelihood according to the Mopt,k time windows selected by applying first the
Multi-flare analysis for each source individually.



















































Figure 7.4: Test statistic distribution for a source at a declination 16◦ for 104 background-
only pseudo-experiments. To estimate the test statistic value corresponding a a 5σ deviation
two functions are used: an exponential function and a Gumbel distribution.
7.4 Simulated Flare Examples
In order to estimate the performance of the search methods described above, several sets of
background-only pseudo-experiments, and signal plus background pseudo-experiments, are
generated following the procedure described in section 6.2. This procedure is repeated for
each one of the selected candidate sources and each one of the signal scenarios considered.
For each pseudo-experiment a test statistic value is calculated according to Eq. 7.6. An
example of the resulting distribution for 104 background-only pseudo-experiments is shown
in Figure 7.4. In order to estimate the test statistic values corresponding to a 5σ deviation
TS5σ (see section 6.2), two functions were fitted to the obtained distributions for each one
of the candidate sources: an exponential function and a Gumbel distribution defined as
[147]










where the parameters µ and σ are the mode and the standard deviation respectively. The
values of TS5σ obtained with the two fitted functions differ in less than 10%.
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Example 2: Two flares
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x
Figure 7.5: Simulated flaring scenarios: one (top), two (middle), and three flares (bottom).
For the single-flare case the position in time of the signal time window is chosen randomly
whereas for the other two cases the positions or the time windows are either fixed in time
or their relative positions are varied to study the performance of the Multi-flare method as
function of their separation time interval of duration x (sketch in the middle). A number
of signal events following a Poisson distribution are injected in each time window for each
simulated signal pseudo-experiment. The total elapsed flaring time ∆T (Mopt) is defined as
described in section 7.2.
7.4.1 Multiple Flares for a Single Source
Three simulated signal scenarios are considered (see Figure 7.5):
Example 1: A number of signal events (with Poisson-mean=8) are injected inside
a time window of duration ∆t1 = 9 days. The starting point of this simulated flare is
randomly chosen over a data taking period ∆Tdata of 40 days. Note that this case would
correspond to a rather ”strong” flare since the number of events required for the discovery
of a flare with this duration is larger than 7 events in case of a single-flare search [140].
Example 2: The total number of signal events (Poisson-mean=8) is the same as in
Example 1, but individual events are injected over two time windows of duration ∆t1 = 4
and ∆t2 = 9 days respectively located x = 22 days apart. In this case, the total elapsed
flaring time is ∆T (Mopt = 2) = 4 + 22 + 9 = 35 days. The average number of injected
signal events is the same for each time window (Poisson-mean=4).
Since in searches for single flares the expected discovery potential (number of events
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required for a 5σ discovery) depends on the flare duration, being smaller for flares with
shorter durations [22, 23, 24], this example can be interpreted as a simulated case of a
“strong” flare (4 signal events in 4 days) and a “weak” flare (4 signal in events 9 days).
The single-flare search method applied to this case will find only the strongest flare i.e. the
first one. This is because this particular method looks only for the most significant cluster
of events in time, from a given source location, neglecting other time windows.
Example 3: The total number of signal events (Poisson mean=8) is the same as in
previous examples, but individual events are injected over three time windows separated in
time with durations ∆t1 = 4.5 days, ∆t2 = 4.5 days and ∆t3 = 9 days, respectively (
∆T (Mopt = 3) = 28 days). Each flare is simulated with a similar number of signal events
with Poisson-mean 3, 3 and 2, respectively.
This example describes three “weak” flares. The ”weak” connotation comes from a
simple comparison with the discovery potential of the single-flare search [140] in which the
number of events required to claim discovery at a 5σ level, for time windows with similar
durations, is larger than 4 events and therefore neither of these flares would be detected
with that approach1
Recovering the Parameters of the Simulated Flares
Example 1: one flare
Figure 7.6 shows the distribution of the output parameters, i.e. the number of signal
events n̂s, the spectral index γ̂s, the optimal number of time windows Mopt and the flare
duration ∆T as obtained for simulated background-only pseudo-experiments (A and C) and
background plus signal pseudo-experiments (B and D). The background-only simulated ex-
ample illustrates how signal-like flares can be mimicked with an average best fit number of
signal events of around two. Figure 7.6 (B) shows that the Multi-flare method recovers in
average the injected values of the spectral index (γ̂s ≈ 2) and the number of injected signal
events (n̂s = 8 events). Figure 7.6 (D) shows that the flare can be decomposed in about
Mopt = 8 time windows and that the flare duration is correctly estimated (∆T ≈ 9 days)2.
In Figure 7.7 (A) the correlation of the global test statistic T̃S(Mopt) as a function of
the number of injected signal events ns is shown. The solid line represents a linear fit to the
average values of the test statistic calculated for a fixed number of injected signal events.
1In this work signal events are injected according to a uniform distribution while in [140] a Gaussian
distribution was considered. While a general comparison is still possible in some cases the exact numerical
results are different. The definition of a flare duration, for example, is somewhat different. For a uniform
distribution with non zero values in the interval ∆t the standard deviation is defined according to σ =
∆t/
√
12. Thus 4.5 and 9 days flare durations corresponds to σ about 1.3 and 2.6 days or to 0.0035 and
0.0070 years, respectively. Reference [140] simulates flares with Gaussian time structures. In this case for
a flare with duration σt = 0.0035 (σt being the standard deviation of the assumed Gaussian structure)
about 4 events are required for discovery.
2The exact duration of the flare can be slightly less since the signal events were randomly injected inside
the 9 days time window.
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Figure 7.6: Distribution of the best fit values for the number of signal events n̂s and the source
spectral index γ̂s for background-only pseudo-experiments (A) and with 8 (Poisson-mean) signal
events injected on the top of the background (B) for a source at declination 15◦. The optimal
number of time windows Mopt as a function of the duration of the flare ∆T (i.e. the maximum
time difference between any time windows yielding the best fit configuration Mopt) is shown
in (C) for background-only pseudo experiments and in (D) for background plus signal pseudo-
experiments.
This linear relation justifies the use of the test statistic TSj as a weight in the likelihood
function (Eq. 7.4). As an additional test, the likelihood maximization was repeated with
all weights fixed to one as well as to the square of the test statistic. It is found that such
modifications lead to slightly worse results i.e. it was observed a 5-10% worse agreement
between the injected and the estimated values of n̂s and γ̂s.
In Figure 7.7 (B) the number of recovered signal events is shown as a function of the
optimal number of time windows which compose the flare (Mopt). The distribution shows
a maximum corresponding to the number of injected signal events. The inset in Figure 7.7
(B) shows a Gaussian fit to the estimated number of signal events, n̂s with a mean value
of 8.2, which is good agreement with the injected value.
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Figure 7.7: (A) Correlation of the test statistic and the number of injected signal events. The
solid line represents a linear fit to data. Full circles correspond to an average value of the test
statistic for a fixed number of injected signal events. (B) The optimal number of time windows
which compose the flare with 9 days duration as a function of the average number of recovered
signal events. The inset shows the distribution of the best fit values of the number of signal
events which can be well fitted with a Gaussian.
Example 2: two flares separated in time
Figure 7.8 (A) shows the distribution of the optimal number of time windows Mopt as
a function of the corresponding flare duration ∆T . In Figure 7.8 (B) the distribution of
the best fit values for the spectral index γ̂s and number of signal events n̂s is shown. In
this example the Multi-flare method also recovers in average the injected signal parameters.
However, for this particular case, the differences between the injected and the recovered
values are slightly worse than in the example 1 (about 5%). This is because for larger flare
durations a larger contamination of background events is expected.
In Figure 7.8 (C) the distribution of the mean time T0,j = tj + ∆tj/2 calculated for
each (jth) selected time window for each pseudo-experiment is shown. An accumulation
of signal-like time windows for a time period below 5 days and between 25 and 35 days is
visible, corresponding to the first and second injected flares, respectively. The Multi-flare
analysis can therefore find not only the most significant flare, but also the weaker one
separated in time. Such flare would not be detected by other existing methods like the
single-flare search [140, 24, 23].
Information about the internal structure of the flare can be seen in test statistic dis-
tribution averaged over the 104 background plus signal pseudo-experiments. Figure 7.8
(D) shows changes of the average global test statistic as a function of the flare duration
∆T (m) calculated for m < Mopt time windows. The test statistic increases when more
time windows are added in time, but finally reaches saturation for the time corresponding to
the total elapsed flaring time considered as a signal ∆T (Mopt) = 35 days. For the first flare
(below 5 days) and second flare (from 25 to 35 days) the increment of the average global
test statistic as a function of time is much larger than during the period corresponding to
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Figure 7.8: Results for the search of two individual flares separated in time (Example 2). (A)
Distribution of the optimal number of time windows (Mopt) as a function of the total flare
duration ∆T ; (B) Distribution of the best fit values for the spectral index and the number of
signal events; (C) Distribution of the mean time of the time windows selected for each pseudo-




, 〈n̂s(m)〉 and 〈γ̂s(m)〉 as a function
of the flare duration ∆T (m). The vertical dashed line indicates the total elapsed flaring time
(∆T (Mopt) = 35 days)
the 22 days time gap. During this last period variations can also be observed, which is an
indication for background fluctuations. A similar behavior is shown in Figure 7.8 (E) for
the average number of signal events 〈n̂s(m)〉 as a function of the flare duration3.
For completeness, Figure 7.8 (F) shows the average spectral index 〈γ̂s(m)〉 as a function
of the flare duration. The average best fit spectral index is about 2.2 and differs by about
8.5% from the injected value (γs = 2). Similarly to the previous distributions, the fluctu-
3Note that both distributions presented in Figure 7.8 (D) and (E) are averaged over 104 pseudo-
experiments.
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ations of the spectral index are strongly reduced during the periods corresponding to the
injected signal. The effect is particularly visible for the second flare, between 25 days up to
35 days. The Multi-flare method can therefore recover the injected parameters describing
the flares in this example too providing additional information about the time development
even when each flare alone are below the threshold for detection using a single-flare search.
Example 3: three weak flares separated in time
In this case three individual weak flares were simulated. Each flare would not be individ-
ually detected at a 5σ level by using the single-flare search method. In principle, if all events
are injected into a single flare of duration about 28 days (σt ' 0.02 year) the single-flare
search would yield a discovery [140]. For a flare of such duration, more than about 7 events
are needed for discovery at a 5σ level using the method labeled by Assumed Burst Time
(Energy) in Figure 4 of Ref. [140]. However, the flare will be found only if these 7 events
will form one cluster of events compact in time. This is because the single-flare search only
looks for for a maximum test statistic that corresponds to the most significant flare (cluster
of events following a Gaussian distribution in time) from a point source. This is certainly
not the case for this example, where 8 events are distributed among three individual and
well separated flares.
Figures 7.9 (A) and (B) show that also in this case the method can recover the injected
values of the spectral index, the mean number of injected signal events and the total flare
duration (28 days). In addition, the overall signal injection can be decomposed into about
8 time windows. Sorting these time windows in time the distribution of individual flares
is recovered as shown in Figure 7.9 (C). Three flares can be clearly distinguished, with a
duration of about 5 days, 5 days and 10 days, respectively. The average value of the test
statistic and the number of signal events is presented in Figure 7.9 (D) and (E). Due to a
smaller time gap between individual flares, a factor 4 smaller than for the flares studied in
the Example 2, the structures are less pronounced. Note that the distributions presented
in Figure 7.9 (D) and (E) start to saturate at a point corresponding to the total elapsed
flaring time injected (above 28 days).
Finally, in Figure 7.9 (F) the average spectral index 〈γ̂s(m)〉 as a function of time is
shown. The source spectral index has a value of about 2.2 and differs by about 10%
from the true value (γs = 2). Fluctuations of the spectral index also increase for times
greater than the total flare duration (above 28 days). This example demonstrates that the
Multi-flare method can find weak flares separated in time,
7.4.2 Performance of the Method
Figure 7.10 shows the performance of the Multi-flare method in terms of number of events
needed for discovery (or discovery potential as described in section 6.2) for a source at
declination δs = 22
◦ as a function of the flare duration for two simulated cases: one and
two flares.
84 CHAPTER 7. THE MULTI-FLARE ANALYSES
T [days]∆








































































































Figure 7.9: Example 3: Results of the search for three individual flares separated in time. (A)
Distribution of the optimal number of time windows (Mopt) as a function of the total flare duration
∆T ; (B) Distribution of the best fit values for the spectral index and the number of signal events;
(C) Distribution of the mean time of the time windows selected for each pseudo-experiment; (D),




, 〈n̂s(m)〉 and 〈γ̂s(m)〉, respectively. The vertical
dashed line indicates the overall period of total elapsed flaring time injected (28 days).
For a single flare the average number of events needed for discovery increases for larger
flare durations (black curve). This is because for large flare durations the time term in
the signal PDF becomes weaker than the energy and space terms. Since the overall back-
ground level decreases when short time windows are considered, the discovery potential is
expected to become better for short flares as noted also in the single flare search [140]. For
long enough flares the search method loses its power and the discovery potential becomes
comparable and larger than the obtained with a time integrated analysis, i.e using only the
energy and space terms, represented by the horizontal dashed line at around 14 events.
For comparison, the performance of a single-flare search (see section 6.4) is also shown
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Single flare (Multiflare analysis)
Single flare (Single flare search)
Double flare: 1+x+1 days
Double flare: 0.005+x+0.005 days
Time integrated
Figure 7.10: Discovery potential for two simulated flare examples: one and two flares. In
the case of one flare (black and blue curves) its duration is defined by the duration of the
time window chosen. For the examples of two flares separated a distance x (red and green
curves), the duration correspond to the total elapsed flaring time time i.e the sum of the
individual durations and the separation x (see Figure 7.5).
(blue curve). In the case of one simulated flare the single-flare search performs always better
than the Multi-flare method. This is expected since the Multi-flare search method consi-
ders more independent time windows and the chance to pick up a background fluctuation
increases.
For the case of two flares separated in time, Figure 7.10 shows one feature characteristic
of the Multi-flare method developed in this thesis: its performance does not depend on the
time separation x in between the individual flares (red and green horizontal lines). The
number of events for discovery in this cases is equal the one obtained when the two flares
are not separated in time (x = 0) i.e at the point in which the black and horizontal curves
meet. This feature arises due to the fact that the selection of the Mopt signal-like time
windows is performed in the test statistic domain (see step 3 in Figure 7.1) regardless of the
overall time structure. For large time separations between individual flares the single-flare
search loses power since it assumes a Gaussian time dependence.
As in the single flare case, the discovery potential decreases with the duration of the
individual time windows as expected. This is shown when comparing the discovery potential
obtained for a double flare with individual flare durations of 1 day and double flare with
individual flare durations of 0.005 days.
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Figure 7.11: Best fit parameters of the number of signal events n̂s and energy spectral
index γ̂s for a set of 10
5 background plus signal pseudo-experiments in the stacking analysis
for 5 sources.
7.4.3 Multiple Flares for Multiple Sources
In order to study the performance of the stacking approach several flaring sources at different
locations in the sky are considered. Signal events for each source are simulated as a double-
flare structure: two flares of duration ∆t1 = ∆t2 = 1 days with different separation in time x
(see Figure 7.5 (middle)). The signal events are injected in each location following a Poisson
distribution with mean 6 (30 total events for 5 sources) and an E−2 energy spectrum for a
total of 104 pseudo-experiments for each signal scenario. Figure 7.11 shows the resulting
best fit parameters. The centroid of this 2D distribution is located approximately in n̂s = 30
and γ̂s = 2 showing that the Multi-flare stacking analysis is able to recover on average the
parameters of the injected signal.
The discovery potential for the stacking case and for a single source in this simulated
example is shown in Figure 7.12 . Assuming that each source contributes with the same
number of signal events, the discovery potential per source is calculated as the number
obtained for the stacking case divided by the number of sources that are stacked. Figure
7.12 shows that with this definition, each considered source in the stacking approach is
required to contribute in average with a factor of ∼ 2 less number of events to reach the
5σ threshold than if analyzed separately.
Figure 7.13 shows the discovery potential per source as a function of the total number of
stacked sources for different simulated total elapsed flaring times. Adding sources improves
the discovery potential per source as expected in a stacking analysis. The discovery potential
for different values of the total elapsed flaring time is constant as discussed in the previous
section.
































°Time integrated, Dec=16.5 
Figure 7.12: Discovery potential as a function of the simulated total elapsed flaring time,
∆T (Mopt), for the double-flare example (see Example 2 in Figure 7.5) stacking five sources.
The dashed blue points correspond to the discovery potential obtained for a single source.
The lines corresponding to the other sources have similar values and are omitted. The solid
lines correspond to the stacking case: total (filled red circles) and per source (filled red
triangles). For this example the data sample 2010-2011 is used (see chapter 5).
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Figure 7.13: Discovery potential per source (total divided by the number of contributing
sources) as a function of the number of stacked sources for different injected total elapsed
flaring times. In this example two flares of 4 days duration are injected i.e ∆T (Mopt) =
4 + x+ 4.
88 CHAPTER 7. THE MULTI-FLARE ANALYSES
 [days]Data T∆



























Figure 7.14: Discovery potential of the Multi-flare and time-integrated analyses as a func-
tion of the time search window ∆TData. In this example two flares of duration 4 days
separated 10 days are simulated for a source at declination angle = 40◦. The discovered
potential for the Multi-flare analysis in this simulated example is slightly better than the
time-integrated line only for values of ∆TData . 100 days. A value of ∆TData = 80 days is
chosen for the 2009-2010 and 2010-2011 data sets used.
7.5 Discussion
Initial tests showed that the performance of the Multi-flare method gets worse with the
amount of data used. Figure 7.14 shows the discovery potential calculated for a simulated
example of two flares of duration 4 days separated by 10 days as function of the duration
of the search time window ∆TData. The discovery potential get worse for large durations
of the time search window because the number of background fluctuations mimicking a
signal increases. The search time window was therefore restricted to ∆TData = 80 days.
This value was chosen as a compromise of improving the discovery potential with respect
to the time integrated search, for the benchmark scenario of two flares separated in time, at
expense of decreasing the elapsed time in which multiple neutrino flares are looked for. The
center of the 80 days time search window Tm (see Figure 7.1) for the analysis of 2009-2010
and 2010-2011 data sets, was chosen according to photon flare alerts reported for each
selected source as described in section 3.4.
For the analysis using of the 2011-2012 data set an improvement on the performance
of the Multi-flare analysis was achieved by imposing a stronger cut on the Si/Bi ratio used
to select the initial ”signal-like” events (See Figure 7.1). By choosing a stronger cut in this
ratio the background level4 decreases allowing to test larger time search windows with a
4 The background here is defined as the number of short (less than one day) time windows found in
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Figure 7.15: Discovery potential of the Multi-flare analysis for two declinations correspond-
ing to two of the selected AGNs, as function of the Si/Bi ratio cut. For this test the entire
data-set available for the 2011-2012 season is used. A value of Si/Bi = 100 is chosen for
the analysis.
discovery potential below the obtained with a time-integrated analysis.
The discovery potential for the benchmark scenario of two flares separated in time was
calculated for different values of the Si/Bi cut and different declinations corresponding to
the position of a sub-set of the selected AGNs (see section 3.4) as shown in Figure 7.15.
These simulations were generated without imposing the restriction on the time search time
window i.e using a whole year of data-taking. A value of Si/Bi > 100 is chosen since the
discovery potential does not change significantly (. 1%) above this value. As a result of
this improvement, the Multi-flare method became sensitive to multiple flares distributed
over a complete year of data, without the need of defining an specific time search window
based on photon observations, as was done in the analysis of the 2009-2010 and 2010-2011
data-sets.
A further improvement, not implemented in the final analysis described in this thesis,
could be achieved by defining the initial signal-like time windows with larger multiplicities,
for example using consecutive quadruplets instead of consecutive doublets. Background
fluctuations with larger event multiplicities are less probable, so stacking quadruplets instead
of doublets could result in a lower threshold for discovery and in principle larger search time
windows (larger than a year) could be used.
background-only pseudo-experiments.
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Chapter 8
Results
The Multi-flare method was applied to 3 different data-sets of IceCube operation corre-
sponding to the seasons 2009-2010 (IC59), 2010-2011 (IC79) and 2011-2012 (IC86-I). A
new set of flaring AGNs to be tested with this method was selected for each season following
the criteria described in section 3.4. The analysis of the data corresponding to the 2009-
2010 and 2010-2011 seasons were performed with the restriction on the duration of time
search window, set at 80 days. For the analysis of the 2011-2012 data set this restriction
was avoided as described in section 7.5 allowing to search of multiple neutrino flares over
the entire year of data taking from the selected sources. The Multi-flare stacking method
was applied to two data-sets corresponding to the 2010-2011 and 2011-2012 seasons.
8.1 Results for Single Sources
No significant time windows indicating multiple neutrino flares from astrophysical origin
were found in the direction of the selected sources. Tables 8.1, 8.2, 8.3 and 8.4 show the
parameters obtained for each data-set and for each source i.e:
• Pre-trial p-value.
• n̂s: Best fit of the number of signal events.
• γ̂s: Best fit of the power law spectral index.
• ∆T (Mopt): Flare activity time.
• Fluence upper limit (u.l.)
The sources that resulted in the lowest p-value are highlighted in gray. These sources are
3C 454.3 with a pre-trial p-value of 0.08 (83% post-trial) for the 2009-2010 season, PKS
1830-211 with a pre-trial p-value of 0.13 (96% post-trial) for the 2010-2011 season and
FSRQ PKS 2142-75 with a pre-trial p-value of 0.03 (70% post-trial) for the 2011-2011
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Figure 8.1: Distribution of the maximum test statistic TSmax obtained for 10
4 background-
only pseudo-experiments simulated for each one of the 38 AGN locations tested for the
2011-2012 season (IC86-I). The red line marks the test statistic value obtained with real
data for the source with the lowest pre-trial p-value of 0.03 (FSRQ PKS 2142-75). The
post-trial p-value is calculated as the fraction of pseudo-experiments above this line which
for this case is ∼ 70%.
season. It is interesting to note that the FSRQ PKS 2142-75, with the lowest pre-trial
p-value obtained for the three data-sets and selected sources, was also the source with the
lowest p-value in a triggered analysis that builds the time PDF on base of Fermi-LAT light
curves [23].
As an example of the procedure to calculate the post-trial p-value, Figure 8.1 shows the
distribution of maximum values of the test statistic (Eq. 7.6) obtained for 104 background-
only pseudo-experiments for each one of the 38 sources selected for the 2011-2012 sea-
son. From this distribution the post-trial p-value is calculated as the fraction of pseudo-
experiments with a test statistic larger or equal to the obtained in data.
Since the obtained p-values indicate compatibility with the background-only hypothesis
upper limits are calculated as described in section 6.2 in terms of fluences (see section 6.4.1).
The time interval to calculate this fluence is taken as the flare activity time ∆T (Mopt) found
for each source. As a convention within the IceCube Collaboration, if n̂s = 0 then no p-value
or γ̂s are reported and the upper limit matches the sensitivity [13, 14, 15]. As a comparison,
the fluence sensitivities obtained in the simulation of a single flare with different durations
(0.1 and 30 days) are shown in Figure 8.2 (Top) together with the the fluence upper limits
obtained for the 2011-2012 season as function of the declination of the selected AGNs. As
expected the fluence sensitivity and upper limits improve for shorter durations.
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Figure 8.2: Top: Fluence upper limits for the selected AGNs in the 2011-2012 season and
sensitivities for a single flare simulated for two durations: 0.5 and 30 days. Bottom: For
comparison the fluence upper limits obtained with single-flare search method [22] applied
to IceCube data taken in the 2008-2009 season are also shown.
Figure 8.2 (Bottom) shows the fluence upper limits for the season 2011-2012 together
with the fluence upper limits obtained in Ref. [22] in which a single flare search was
performed for selected sources using data of the incomplete detector taken in the season
2008-2009 (IC40). The fluence upper limits obtained in this thesis for the season 2011-2012
are on average a factor of 2 lower. Each IceCube data taking season brought improvements
in the event selection techniques and in the angular resolution that resulted in lower upper
limits as observed also in time-integrated analysis [13, 14, 15].




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2010-2011 FSRQs 7 South 0.16 7.4 3.6 1.00
FSRQs 5 North 0.98 1.5 1.9 0.15
BL-Lac 6 North 0.91 3.7 2.4 0.24
2011-2012 FSRQs 11 South 0.47 11.8 2.5 0.91
FSRQs 15 North 0.62 9.0 2.4 0.12
BL-Lac 9 North 0.91 3.8 2.3 0.19
Table 8.5: Results of the Multi-flare stacking searches
8.2 Results for Stacking Multiple Sources
For the stacking analysis the selected AGNs were grouped in categories. As described
in chapter 3 there are different predictions in terms of neutrino production for two AGN
classes: BL-Lacs and FSRQs. In order to test these predictions independently the selected
AGNs were first grouped according to these classes.
Due to earth absorption and the event selection of high energy down-going events to
reduce the atmospheric muon background (see section 5.3 and Ref. [139]), the energy
range accessible to IceCube depends on the zenith angle of the events. While TeV neutrino
energies are accessible for the northern sky (Declination angle > 0), PeV and EeV energies
are accessible close and above the horizon (Declination angle < 0). In order to explore the
same energy range in the stacking analysis the selected sources were also grouped according
to their location in the sky (south and north).
The results for the Multi-flare stacking search applied to the selected categories are
shown in Table 8.5. Given the post-trial p-values of these observations the results are
compatible with the background-only hypothesis. The category with the lowest post-trial
p-value for both data-sets considered are the FSRQs located in the southern hemisphere.
The fluence upper limits for the stacking analysis shown in Table 8.5 are calculated for
the sum of the most significant time windows extracted for each source in each category
divided by the number of contributing sources. This quantity represents an average fluence
upper-limit per source. These upper-limits are below the upper limits calculated for single
source showing the advantage of the stacking procedure.
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Source of uncertainty Uncertainty Uncertainty
in the parameters in the neutrino event rate
Time modeling of background - 10%
Optical properties of the ice ±10% 10%
DOM absolute efficiency ±10% 7%
Total 15.7%
Table 8.6: Summary of systematic errors. The simulation data sets for the optical properties
of the ice and the DOM absolute efficiency were generated for a neutrino flux with energy
spectra ∝ E−2.
8.3 Systematic Uncertainties
One of the strengths of the search methods presented in this thesis, and in general of the
likelihood approaches used in point source searches within IceCube, is that the background is
estimated directly from data. Since the final p-values are calculated on base of background-
only pseudo-experiments they are not affected by uncertainties in the theoretical estimations
of the atmospheric neutrino and muon background. However, systematic uncertainties have
to be taken into account in the sensitivity and upper limits calculations since they rely
on simulations of the detector response [13, 14, 15]. Table 8.6 shows the main sources
of uncertainties and their effect on the neutrino event rate as calculated with dedicated
simulations, with exception of the time modeling of the background which is estimated
from data (see section 6.4).
The optical properties of the ice are one of the major sources of uncertainties. Un-
certainties in the scattering and absorption coefficients are introduced in the modeling of
dust layers and air bubbles in the bulk ice (see section 5.1.2) as well as the modeling of
ice columns with different optical properties product of water refreezing on the holes made
to deploy the instrumentation (borehole ice). The estimated uncertainties in the scattering
and absorption coefficients is about ±10% [109].
The light collection efficiency of the DOM PMTs was measured in the laboratory [124].
However, this efficiency is modified once the DOMs are deployed in the ice due to effects in
the trasmision of light through the borehole ice and through the boundaries with the DOM
glass sphere. Therefore, the DOM efficiency is correlated with the modeling of the optical
properties of the ice, but as a conservative approach they are taken as independent for the
estimation of systematic uncertainities here. The estimated DOM efficiency uncertainity is
about ±10%. Adding in cuadrature the different contributions the total systematic error
in the neutrino event rate is 15.7%.
In order estimate the effect of the variations of the parameteres described above on
the fluence sensitivity, the full analysis chain (generation of PDFs, generation of scrambled
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maps and likelihood analysis) was repeated for dedicated simulation data-sets. The fluence
sensitivities were calculated for a simulated single neutrino flare of different durations and
two declinations: 5◦ and 70◦.
The results are shown in Figures 8.3 and 8.5 for simulation data-sets with three DOM
efficiency values (Baseline and Baseline ±10%) and in Figures 8.4 and 8.6 for three values
of the absorption and scattering coefficients (Baseline and Baseline ±10%). The variations
in the fluence sensitivity as function of the flare duration are dominated by statistical
fluctuations and are in the range 2 − 8% for the considered DOM efficiency variations
and in the range 3 − 4% for the considered variations in the absorption and scattering
coefficients.
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Figure 8.3: Fluence sensitivity as function of the flare duration for different simulated DOM
efficiencies and a source at DEC= 5◦.
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Figure 8.4: Fluence sensitivity as function of the flare duration for different simulated
absorption and scattering coefficients and a source at DEC= 5◦.
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Figure 8.5: Fluence sensitivity as function of the flare duration for different simulated DOM
efficiencies and a source at DEC= 70◦.
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Figure 8.6: Fluence sensitivity as function of the flare duration for different simulated
absorption and scattering coefficients and a source at DEC= 70◦.
Chapter 9
Summary and Outlook
Active Galactic Nuclei (AGN), being known to be powerful emitters of electromagnetic
radiation up to the TeV range, have been proposed as candidate sources of high-energy
cosmic rays. However, there is not evidence of hadrons being accelerated in these objects
yet. If high-energy hadrons interact with photon or matter fields present in the AGN vicinity,
fluxes of high-energy gamma-rays and neutrinos are expected. In particular, the detection
of high-energy neutrinos from these sources could provide the missing evidence.
Motivated by the extreme time variability observed at different wavelengths in AGNs,
in this thesis two new methods to search for neutrino flares from selected AGNs were
developed and tested with data of the IceCube Neutrino observatory: The Multi-flare and
the Multi-flare stacking method. While the first method look for multiple neutrino flares
from a single source the second method considers several sources in a stacking approach in
order to improve the discovery potential if the sources are too week for individual detection.
The advantage of analyses that include time information is that the discovery potential
improves with respect to analyses than include only space and energy information. This is
because by looking at short time windows the atmospheric muon and neutrino background
is reduced. Since the search methods developed here do not assume a time coincident
between the possible high-energy neutrino flares and flares observed at other wavelengths,
additional scenarios of neutrino emission are explored such as neutrino flares without a
correlated photon counterpart or time lags between these astrophysical messengers, as
suggested in some emission models. The Multi-flare method is sensitive not only to one
strong flaring event, as in a single flare search, but to a set of several week flares separated
in time.
It was shown that the developed methods can recover the values of the source spectral
index, the flare duration, and the total number of injected signal events for several simulated
examples of flaring neutrino emission. Applying these search methods to real data, no
significant set of events indicating the presence of high-energy neutrino flares were found in
the direction of the selected AGNs. Fluence upper limits were set for the most significant
time windows found in data showing an improvement of a factor of ∼ 2 with respect to
previous single-flare searches [24, 22].
103
104 CHAPTER 9. SUMMARY AND OUTLOOK
Even though no explicit time coincidence was assumed in the Multi-flare method, is
interesting to note that from the list of selected sources for the 2011-2012 IceCube data-
set, the source with the lowest p-value, the FSRQ PKS 2142-7, was also the source with
the lowest p-value in a triggered analysis that builds the time PDF on base of Fermi-LAT
light curves developed elsewhere [23].
After more than 5 decades after the first proposal of a neutrino telescope, the very first
evidence of an astrophysical flux of high-energy neutrinos has been found with a different
event selection than the used in this thesis. The IceCube Collaboration reported an excess of
events above the atmospheric background at the 5.7σ level with observable energies above
100 TeV [16, 17]. No significant cluster of events in space or time was found in these
analysis and therefore the sources of this astrophysical neutrino flux are still unknown.
Additional years of data and planned extensions of the IceCube experiment, could provide
the missing evidence to identify the sources of the observed events and provide additional
information to identify the elusive sources of high-energy cosmic rays.
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